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The stereotyped courtship behavior of the genetically tractable model Drosophila 
melanogaster is orchestrated by neural networks and driven by pheromones and other sensory 
signals. While the neural pathways involved in olfactory pheromone detection have been 
studied has been well studied, little is known about the neural mechanisms mediating the 
sensation of taste pheromones. The overall aim of this project is to characterize the neural 
circuitry underlying male courtship behavior in D. melanogaster by examining how the 
recently discovered sex pheromone CH503 is perceived and processed into a behavioral 
response. This first part of this thesis describes the behavioural characterization of the synthetic 
stereoisomers of CH503. The second part of the thesis describes the neural mechanisms 
underlying the detection of CH503. CH503 is characterized as a taste pheromone. Using 
behavioral analysis, genetic manipulation, and live calcium imaging, Gr68a expressing neurons 
on the forelegs of male flies were found to exhibit a sexually-dimorphic physiological response 
to the pheromone and relay information to the central brain via peptidergic neurons. The release 
of tachykinin from 8-10 cells within the suboesophageal zone is required for the pheromone-
triggered courtship suppression. Taken together, this work describes a neuropeptide modulated 
central brain circuit that underlies the programmed behavioral response to a gustatory sex 
pheromone. These results will allow further examination of the molecular basis by which innate 






















1. INTRODUCTION  
 
Pheromones mediate chemical communication between conspecifics and act on neurons to 
trigger innate behaviors. In order to understand how neurons shape behaviors it is important to 
know about the organization of the nervous system. In Drosophila melanogaster, courtship 
behavior has been used as a paradigm to study how pheromones influence innate behaviors and 
to understand the neuronal basis of pheromone perception. The anatomical, cellular and 
molecular basis of chemosensory detection has been well studied for olfactory pheromones. 
However, less is known about the detection of gustatory pheromones. To study this, we sought 
to understand how the gustatory pheromone CH503 influences the courtship behavior of male 
Drosophila. This section provides an overview of what is known about the anatomy and 
neurochemistry underlying the chemosensory detection in Drosophila melanogaster. This part 
culminates with a note on the discovery of CH503 and introduces the reader to the main 














1.1 PHEROMONES MEDIATE INNATE BEHAVIORS IN ANIMALS 
In animals, many innate behaviours and communication between conspecifics (members of the 
same species) are triggered by signalling molecules known as pheromones (Karlson and 
Luesher, 1959). Pheromone molecules exhibit diverse structural and functional properties and 
are known to be detected by the chemical senses of smell and taste. Ever since the first 
discovery of the silk moth pheromone bombykol (Figure 1) by Butenandt in 1959, a number 
of pheromones have been discovered in invertebrates and vertebrates. In insects alone, there 
exist thousands of pheromones. Pheromones trigger a number of innate social behaviours such 
as aggregation and aggression, alarm responses, kin recognition and mate choice. For example, 
in social insects like the honey bee, individuals known as foragers signal to conspecifics within 
the hive about the availability of food resources in the absence of light by executing the well-
characterized waggle dancing behavior. During the course of the waggle dance, a blend of 
olfactory pheromones that include Z-tricosene and Z-pentacosene are released to induce food 
foraging behavior in other members of the hive (Figure 1) (Thom et al., 2007).  
                             CH3 CH3  
                   CH3 CH3 
                           CH3
OH
    
                                 Figure 1. Chemical structures of a few insect pheromones  
 
In addition, pheromones can also mediate developmental processes. Some well-known 
examples are, the mouse urinary protein (MUP) of male mice serves to trigger puberty in 
female mice (Mucignat-Caretta et al., 1995). In the nematode worm C.elegans, the dauer 








larvalstage known as the dauer, under conditions of starvation or high population densities 
(Butcher et al., 2007) 
1.1.1 CHIRALITY OF PHEROMONES 
One of the most intriguing themes in pheromone science is the profound influence the chirality 
of a pheromone molecule can have on its biological activity. A chiral atom has chemical bonds 
with different functional groups. Molecules that differ in the orientation of these functional 
groups are classified as chiral, and the different structural forms are known as enantiomers. 
Naturally occurring pheromones often occur as a blend of enantiomers or may exist as a single 
enantiomer. For example, the pheromone tribolure of the red flour beetle is a blend of four 
enantiomers (Suzuki et al., 1980).  
Chirality, contributes to the vast diversity observed in pheromone structure and function (Mori, 
2007). In this light, let us consider the chiral molecule frontalin, used both as an aggregation 
pheromone by scolytid beetles and as an indicator of sexual receptivity by male Asian elephants 
(Mori, 1975). How does a single pheromone mediate behaviors across varied phyla? Frontalin 
exists in two different enantiomers, non-superimposable mirror images of each other. These 
are designated (-)-frontalin and (+)-frontalin. In scolytid beetles (-)-frontalin is bioactive while 
in male elephants, an equal ratio of both enantiomers is used. Thus, chirality can provide 
functional diversity of a pheromone. This observation has been found recurrently from studies 
and synthesis of insect pheromones (Mori, 2007).  
A second interesting example is that of the sex specific role of the olive fruit fly pheromone, 
Olean. Although in its natural state, Olean is composed of an equal ratio of (R)-Olean and (S)-
Olean, the R enantiomer works as a sex pheromone in males while the S enantiomer is 





by females and exists as ‘+’ and ‘-’ forms. Only the ‘+’ form is effective as a pheromone, while 
the ‘-’ form supresses the activity of the ‘+’ form (Mori et al., 1979).  
These examples show that not only is the absolute structure of the pheromone important for 
chemical communication, but in some cases, the correct combination of enantiomers in a 
particular ratio also are essential.  
Although a wide variety of animals utilise pheromones for chemical communication, a deeper 
understanding of how these molecules trigger behavioral responses, entails the use of a model 
with sufficient genetic tools to permit the elucidation of the genetic and neuronal substrates 
mediating their perception. Drosophila melanogaster is an ideal model to study, in this light, 
as it is genetically amenable and also uses a number of pheromones for conspecific 
communication. Courtship behavior of Drosophila melanogaster being heavily modulated by 






1.2 COURTSHIP BEHAVIOR OF DROSOPHILA MELANOGASTER 
Male courtship behavior of Drosophila melanogaster has been extensively characterized and 
comprises of innate and learned aspects. Courtship steps are executed as a fixed action pattern. 
At the sight of a female, a male fly will initiate the courtship sequence by orienting towards the 
female. Next, the male uses his forelegs to tap and taste the cuticular surface of the female fly, 
to specifically detect aphrodisiacs or anti-aphrodisiac pheromones. Male flies will then perform 
a species specific courtship song by vibrating a wing (Figure 2). Male flies additionally exhibit 
quivering behavior by vibrating their abdomens at a rate of 6 cycles per second (Fabre et al., 
2012).  
                                        
                                         
Figure 2. The hallmark courtship features of male Drosophila: A male Drosophila melanogaster fly 
exhibiting courtship steps towards a female courtship target. The courtship features of Drosophila 
comprises of 1. Orientation, 2. Tapping, 3. Wing vibration, and 4. Abdomen curling. 
  
Perception of these substrate-borne mechanical cues will cause a receptive female to stop 
moving and allow the male fly to copulate. The male fly will then carry out licking behaviours, 
mount the female and then attempt to copulate with her. The chances of a successful copulation 
1. Orientation 2. Tapping 






attempt depends largely on the receptivity of a female. Male flies avidly attempt to court a 
female irrespective of her age, while newly eclosed virgin females  take up to two days to 
become receptive to courtship attempts (Manning, 1966). Sexually immature females and 
mated females are typically unreceptive and will exhibit different types of rejection behaviours 
(Connolly and Cook, 1973). These include running away from a male and kicking (exhibited 
by sexually immature virgin females) and extrusion of the ovipositor (exhibited by mated 
females). Males that have been rejected by a female will usually go through a phase known as 
courtship depression that lasts about two hours, during which they will not attempt to court 
other females (Siegel and Hall, 1979). A receptive female on the other hand, will slow down 
by pausing at regular intervals and open her vaginal plates to allow the male to copulate. In 
addition, visual cues guide female mate choice - female flies are attracted to the wing 
interference patterns of males and exhibit a preference for more brightly hued wings (Katayama 
et al., 2014). The entire courtship ritual starting from orientation to copulation lasts for about 









1.3 PHEROMONES OF DROSOPHILA MELANOGASTER    
 Pheromones of D.melanogaster influence behaviors like courtship, aggression and 
aggregation, hence impacting reproductive success and evolution. A number of sex 
pheromones that influence courtship steps, have been isolated from the cuticular surface of D. 
melanogaster (Figure 3).       
                                                  
 







Drosophila pheromones are usually expressed on the cuticular surface of male and female flies. 
Drosophila pheromones are synthesized either in cells called oenocytes (like the diene 
pheromones) or in the ejaculatory bulb of male flies (cVA and CH503) (Brieger and 
Butterworth, 1970), (Yew et al., 2009). Male and female flies express a unique repertoire of 
pheromones. Early investigations using gas chromatography mass spectrometry (GC-MS) 
showed that female cuticles are likely to express higher levels of  27 carbon atom hydrocarbons 
and males express higher levels of 23 carbon atom compounds (Jallon, 1984).  The pheromones 
of Drosophila are described below: 
7-Pentacosene 
   
Cis-vaccenyl acetate 
   7-Tricosene 
   
7,11-Nonacosadiene 
 7,11-Heptacosadiene 





 The anti-aphrodisiac pheromones, cVA and CH503, are oxygenated compounds that 
are synthesized by males exclusively in the ejaculatory bulb. cVA is a C-20 compound 
and is also known to function as a female aphrodisiac (Kurtovic et al., 2007), and is 
involved in aggression (Wang and Anderson, 2010) and aggregation (Bartelt et al., 
1985). cVA  is converted to cis vaccenol (cVOH), a less volatile compound. cVOH 
inhibits courtship longer than cVA and is known to be effective for 92 hours. (Mane et 
al., 1983). cVA can be found in the spermathecae (sperm storage organ) of mated 
females.  
 7-Pentacosene is a C-25 compound and its levels increase in females after mating. It is 
synthesized by both males and females and functions as an aphrodisiac (Antony et al., 
1985).  
 9-Pentacosene serves to induce courtship memory associated with mated females 
(Siwicki et al., 2005). 
 7,11-Nonacosadiene (7,11-ND) is a C-29 compound that is produced by females and 
functions as an aphrodisiac. 7,11- Heptacosadiene (7,11-HD) another female specific 
aphrodisiac and is a C-27 compound.  
 7-Tricosene (7-T) is a C-23 compound and is transferred from males to females during 
mating and functions as an anti-aphrodisiac (Scott, 1986). Females can also synthesize 
7-T, but the synthesis is temporarily controlled to take place only after mating. 7,11-
HD and 7-T prevent interspecies courtship (Coyne et al., 1994).   
How are these pheromones synthesized?  The hydrocarbons produced in the oenocytes are 
synthesized from acetyl CoA by the enzymes are fatty acid synthase and elongase (Kent et al., 
2008) (Figure 4). These precursors are channelled into three biosynthetic pathways to result in 





enzyme decarboxylase. Alkenes require desaturase and a decarboxylase. There are two types 
of desaturases that have been identified - desat1 and desat2. Desat 1 in present in all populations 
of D. melanogaster. Desat 2 produces double bonds at C-5 and C-9, and results in the synthesis 
of 5, 9- HD, found only in African D. melanogaster populations (Marcillac et al., 2005). The 
fatty acid precursors are also methylated and further converted to methyl alkanes by the 
enzymes elongase and decarboxylase. Most of the enzymes involved in pheromone 
biosynthesis are expressed in the oenocytes or in the reproductive organs of male and female 
flies. Interestingly, the enzyme desat1 is also expressed in neuronal tissue, suggesting that it 









The oenocytes were shown to play an important role in species recognition and mate choice 
(Billeter et al., 2009). Ablating the oenocytes of flies completely abolished cuticular 
hydrocarbons. Males lacking oenocytes (oe-) were less attractive to wild type (WT) females. 
They courted other males vigorously and displayed unusual features like attempting to copulate 
with another males head. These behaviors could be supressed by the addition of 7-T.  On the 
other hand, oe- female flies were more attractive to WT males, and when perfumed with cVA, 
Figure 4. General pathway for pheromone biosynthesis in Drosophila. Adapted 





they were more unattractive to males than WT females that had been perfumed with cVA. This 
finding suggests that the diene pheromones serve to modulate the effects of antiaphrodisiac 
pheromones. Males of D. erecta, D. simulans and D. yakuba were shown to court oe- females 
(Billeter et al., 2009). Addition of 7,11-HD to oe- females inhibited courtship from males of 
the above species, suggesting that it prevents inter-species courtship. 
 
To know how pheromones are detected, it is essential to understand the organization of the 
nervous system and chemosensory organs of Drosophila. The next section begins with a brief 
description of the Drosophila brain and its compartmentalization into different regions that are 
specialized to process a wide variety of sensory stimuli (Section 1.4). The action of 
neurotransmitters on hardwired neural circuits, provides insight into how behaviors can be 
modulated by an animal’s physiological or motivational state (Section 1.5).  
Section 1.6-1.7, covers a description of the olfactory and the gustatory organs of the fly, the 
molecular basis by which these organs detect a diverse range of chemical compounds and how 
neurons from these peripheral organs link to the brain. Having provided the reader with a basic 
background of the Drosophila nervous system, literature on the neuronal, genetic and 
pheromonal regulation of courtship behavior are reviewed (Section 1.8-1.9). In contrast to 
gustatory circuits, olfactory neuronal circuits have been relatively thoroughly studied. The 
Or67d circuit, mediating the response to the anti-aphrodisiac pheromone has been described in 





1.4 ORGANIZATION OF THE DROSOPHILA BRAIN 
The nervous system of Drosophila comprises of 105 neurons that communicate through 107 
synapses (Chiang et al., 2011).  In contrast, the human nervous comprises of an estimated 85 
billion neurons linked by 1015 synapses.  Despite the numerical simplicity of the Drosophila 
brain, it displays sufficient organization, with well-defined regions associated with the 
execution of discrete functions. The brain is bilaterally symmetrical and connected to the 
ventral nerve cord via a cervical connective. The projections from neurons run deep into the 
brain and form synaptically dense regions known as neuropils, while the cell bodies of these 
neurons are found on the surface (Ito et al., 2013). Each of the regions of the central brain arises 
from stem cells known as neuroblasts. A group of neuroblasts arising from the same progenitor 
forms a clonal unit. Thus, each of the well-defined regions of the brain is formed from distinct 
clonal units (Ito et al., 2013). The clonal units are found to exhibit the following features (Ito 
et al., 2013): 
a) Cells from each clonal unit are found to occur in closely packed groups.  
b) Nerve fibres from the different clonal units are packed in tight bundles.  
c) The clonal units project to different parts of the brain.   
A brief description of some of the different clonal units is as follows (Figure 5): 
 AL (Antennal Lobe) – Primary centre that receives input from olfactory receptor 
neurons. 
 MB (Mushroom Body) – Comprises of the intrinsic neurons or Kenyon cells, the alpha 
and beta lobes. MB’s are the secondary relay centre for olfactory information and 





 LH (Lateral Horn) – Secondary centre that receives input from olfactory receptor 
neurons. 
 ME (Medulla) – Component of the optic lobes and involved in color vision. 
 CX (Central Complex) – Comprises of the ellipsoid body (EB), fan-shaped body (FB), 
noduli (NO) and the protocerebral bridge. Processes visual, locomotor and courtship 
related information. 
 
 SEZ (Sub-Oesophageal Zone) – receives input from gustatory and motor neurons. 
Primary relay centre for gustatory information. 
 VLP (Ventro-Lateral Protocerebrum) – receives input from acoustic centres, 
olfactory and gustatory neurons.  
 SLP (Superior-Lateral Protocerebrum) – receives input from Or67d neurons, in the 
female brain and in males, mediates courtship behavior. 
  DLP (Dorsolateral Protocerebrum) – receives input from clock neurons.     
 AMMC (Antennal Mechanosensory and Motor Centre) – processes acoustic and 
mechanosensory information.            
SEZ 






Clonal units can also be distinguished by chemical identity based on the neurotransmitters they 
express. So far, distinct clonal units expressing  GABA (gamma amino butyric acid), serotonin, 
octopamine and dopamine have been identified (Ito et al., 2013).                     
1.5 THE INFLUENCE OF NEUROTRANSMITTERS ON THE BEHAVIOR OF 
DROSOPHILA MELANOGASTER. 
1.5.1 THE MODE OF ACTION OF NEUROTRANSMITTERS 
Neurotransmitters are chemicals used for neuronal communication. They are synthesized in the 
terminals of axons, packaged into synaptic vesicles and released into a synapse. They then bind 
to specific postsynaptic receptors on another neuron (Purves et al., 2001). To regulate the levels 
of neurotransmitters that are released, there are pre-synaptic receptors that serve to bind to these 
chemical signals to prevent them from being released further. Neurotransmitters can then either 
excite or inhibit activity of the target neuron. They can be identified chemically as small 
molecule neurotransmitters such as amino acids and biogenic amines or large neuropeptide 
molecules made up of 3-36 amino acids- Figure 6 (Purves et al., 2001). Small neurotransmitters 
are packaged in synaptic vesicles and are present at the presynaptic terminal. In contrast, 













1.5.2 HOW DO NEUROTRANSMITTERS INFLUENCE BEHAVIORS? 
Although understanding how neurons are connected and mapping neuronal circuits may be 
informative for learning about the specific contributions of neurons to behaviours, nevertheless, 
it is also imperative to realize that the properties of neural circuits can be profoundly modulated 
by the action of neurotransmitters (Bargmann, 2012). These signalling molecules can influence 
the activity of several neurons and act via many receptor types. Furthermore, the modulatory 
functions of neurotransmitters and in turn the behaviors elicited by their actions are highly 
dependent on the internal states of an animal. For example, in Drosophila under conditions of 
starvation, insulin is released, which in turn triggers the transcription of the neuropeptide short 
NPF, and well its cognate receptor sNPFR specifically in Or42b neurons. This in turn, boosts 
the food search drive in larvae (Root et al., 2011). As another example, male flies that have 
been rejected by females were observed to show a decrease in the levels of the neuropeptide 
NPF (Shohat-Ophir et al., 2012). This modulaton of NPF enhanced reward seeking behavior 
and led to an increased preference for ethanol (Shohat-Ophir et al., 2012). Thus, 
neurotransmitters influence numerous behaviors. A brief summary of the functions of some of 
















COGNATE RECEPTORS BEHAVIOURAL 
IMPLICATIONS 
ACETYLCHOLINE Nicotinic and G-Protein 
coupled-acetylcholine receptor 
Visual learning (Falkers and 
Spatz, 1984) 
            DOPAMINE D1R1, DAMB, D2R Courtship behavior (Keleman 
et al., 2012), learning (Berry et 
al., 2012), arousal (Lebestky et 
al., 2009), feeding (Marella et 
al., 2012) 
OCTOPAMINE OAMB, Octβ1R, Octβ2R and 
Octβ3R 
Reward signalling (Burke et 
al., 2012), sleep (Crocker and 
Sehgal, 2008), aggression 
(Hoyer et al., 2008), egg-laying 
(Monastirioti et al., 1996), 
courtship (Andrews et al., 
2014) 
SEROTONIN Dm5-HT1A, Dm5-HT1B, Dm5-
HT2α, Dm5-HT7 
Sleep (Yuan et al., 2006), place 
memory (Sitaraman et al., 
2008), modulation of 
aggressive behaviors 
(Alekseyenko et al., 2014)  
GABA D-GABABR1, R2, R3 Sleep (Li et al., 2013), courtship 
(Crickmore and Vosshall, 
2013), olfaction (Wu et al., 
2012)  
GLUTAMATE mGluRs and iGluRs Courtship (Grosjean et al., 
2008), circadian rhythm (Liu 
and Wilson, 2013) 
NEUROPEPTIDES COGNATE RECEPTORS BEHAVIOURAL 
IMPLICATIONS 
NPF (Long Neuro peptide f) DmNPFR1 Courtship-reward (Shohat-
Ophir et al., 2012), circadian 
rhythm (He et al., 2013), 
appetitive memory (Wang et 
al., 2013),  stress resilience 
(Gendron et al., 2014), rival 
induced prolonged mating 
(Kim et al., 2013) 
sNPF (Short Neuro peptide f) sNPFR1 Sleep (Shang et al., 2013)  
TK (Tachykinin) DTKR Aggression(Asahina et al., 
2014) , odor sensitivity 
(Winther et al., 2006) 
Pdf (Pigment Dispersing 
Factor) 
PdfR Circadian rhythm,  rival 
induced prolonged mating 
(Kim et al., 2013) 





1.6 THE CHEMOSENSORY ORGANS OF Drosophila melanogaster 
In D .melanogaster pheromones are known to be primarily detected by olfactory or gustatory 
organs (Kurtovic et al., 2007 and Thistle et al., 2012). These organs express a rich diversity of 
proteins that function as olfactory receptors, gustatory receptors, ionotropic receptors, ion 
channels, chemosensory binding proteins that facilitate the detection pheromones and a wide 
variety of chemosensory cues that a fly may encounter in its environment (Vosshall et al., 1999, 
Scott et al., 2001, Park et al., 2006, Benton et al., 2009, Koh et al.,2014). Relative to the 
numerical complexity of chemosensory neurons in vertebrates, flies contain fewer number of 
neurons and share many features with those of higher vertebrates (Laissue and Vosshall, 2008).  
Owing to the number of tools available for manipulating the gene expression, physiological 
activity, and developmental fate of tissues and subsets of cells, it has become an ideal model 
in which to study the chemical senses. Together, olfactory and gustatory neurons detect and 
transduce information from pheromones and other chemical signals to central brain regions.       
 
1.6.1 THE ORGANIZATION OF OLFACTORY ORGANS 
The olfactory organs of the fly consist of a pair of antenna and the maxillary palps (Figure 7). 
The sensilla, hair-like structures found on these organs, house olfactory sensory neurons 
(OSN). There are about 1200 OSNs on either antenna and 60 OSNs on each maxillary palp 
(Laissue and Vosshall, 2008). There are three types of sensilla or bristles found on the surface 
of the third segment of the antenna. These are classified based on their shape as the trichoid 
sensilla, the coeloconic sensilla and the basiconic sensilla. The trichoid sensilla are further 
classified into 4 types-at1, at2, at3 and at4, containing 1- 3 neurons. The basiconic sensilla are 
classified into 7  functional types ab1-ab7, that enclose from 1-4 neurons (de Bruyne et al., 





neurons (Yao et al., 2005). The palp sensilla enclose 2 OSN’s.  The overall size of the third 
antennal segment is smaller in males compared to females and they have more trichoid bristles 
and lesser number of basiconic sensilla compared to females (Stocker, 1994). The surface of 
the maxillary palp has basiconic sensilla and mechanosensory bristles (Laissue and Vosshall, 
2008). Do the three types of olfactory sensilla detect specialized odorant molecules? The 
neurons contained within the trichoid sensilla are known to detect the olfactory pheromone 
cVA, while other trichoid neurons are believed to respond to cuticular extract and have been 
suggested to play a role in courtship (van der Goes van Naters and Carlson, 2007). The 
basiconic sensilla on the antenna respond to food odors and CO2, while those on the maxillary 
palp respond to food odors and courtship inhibitory cues emanating from females (Stocker and 
Gendre, 1989). The coeloconic sensilla are involved in the detection food odors, water vapour, 
and ammonia (Yao et al., 2005). 
                                                                                       
Figure 7. A. Schematic showing the frontal view of the fly head with the antennae and the maxillary     
palps.(Adapted from, Nature Reviews) B. Schematic of the antenna and the maxillary palp showing the different 







1.6.2 THE MOLECULAR BASIS OF ODOR DETECTION IN DROSOPHILA 
MELANOGASTER 
 
The olfactory receptor neurons (ORNs) express odorant receptors (ORs) that mediate odor 
detection. These ORs belong to the G-Protein Coupled Receptor (GPCR). In adult flies there 
are 62 olfactory receptors, encoded from 60 odorant receptor genes by alternate splicing 
(Robertson et al., 2003). Drosophila ORs have seven transmembrane domains, but differ from 
conventional GPCRs found in vertebrates in their topology as their N-terminus is oriented 
towards the cytosol (Benton et al., 2006). In the fly, each ORN can encode a maximum of three 
ORs, unlike in vertebrates where each ORN expresses only one OR. One of the ORs, Orco 
(formerly-Or83b), is a protein highly conserved amongst insect species and facilitates odor 
detection by mediating the trafficking of odor molecules into the sensory cilia of dendrites, to 
initiate a signal transduction cascade in response to odor detection (Benton et al., 2006). There 
are a total of 21 ORs in the larvae of Drosophila melanogaster all of which express, Orco In 
the adult stage, approximately 70% of the olfactory neurons in the antennae and the 120 
olfactory neurons of the maxillary palp form a heterodimer with the odorant receptor co-
receptor, Orco (Vosshall et al., 1999). While the expression of the Orco protein is restricted to 
peripheral sensory neurons, projections from orco neurons were found to innervate dorsal and 
medial glomerulus in antennal lobe (Larsson et al., 2004). Orco mutants do not show a robust 
physiological response to a number volatile odors (Larsson et al., 2004). Interestingly, orco 
mutants of Anopheles mosquitoes lose their ability to detect human hosts (DeGennaro et al., 
2013). Are there antennal chemosensory neurons that do not utilize orco? Two gustatory 
receptors Gr63a and Gr21a, found on the antennae are involved in the detection of CO2, but do 
not coexpress orco. In addition, the OSNs of the coeloconic, excluding Or35a, do not utilize 
orco. Apart from ORs, a novel family of chemosensory receptors that were classified ionotropic 





IRs represent the major chemosensory receptors of the coeloconic sensilla and are known not 
to coexpress orco and respond physiologically to humidity, ammonia, phenyacetaldehyde, 
acids and alcohols (Vosshall and Stocker, 2007).  
1.6.3 HOW IS INFORMATION FROM OSNs RELAYED TO THE BRAIN? 
ORNs from the antennae are the first order neurons that project to the olfactory center in the 
fly brain – the antennal lobe (AL). The antennal lobe in flies shares the same structural 
arrangement found in the olfactory bulb of mice and is organized into distinct compartments 
known as glomeruli. ORNs expressing identical receptors project onto the same glomeruli in 
the antennal lobe (Vosshall et al., 1999). Information between the glomeruli is relayed by 
interneurons while second order projection neurons (PNs) further relay information to higher 
brain centers, such as the mushroom body (MB) and the lateral horn (Figure 8, Vosshall and 
Stocker, 2007).  
 
Figure 8. The organization of the olfactory circuit in adult flies. ORNs expressing the same olfactory 
receptor project to the same glomerulus in the antennal lobe. Higher order PNs connect the antennal 







1.6.4 THE ORGANIZATION OF GUSTATORY ORGANS 
A fly can distinguish sugars, bitters, salts, pheromones and water using the sense of taste. Taste 
or gustatory sensilla are distributed across the proboscis, legs, wing margin, and the ovipositor 
of female flies (Vosshall and Stocker, 2007) (Figure 9). Taste sensilla house gustatory receptors 
neurons that mediate the detection of a wide variety of low-volatility molecules that are 
detected in direct contact, these receptors are also known as contact chemoreceptors (Green 
S.H, 1979). The gustatory sensory neurons within these taste bristles express genes that encode 
a diverse repertoire of 68 gustatory receptor proteins in total, ppk ion channels and ionotropic 









                                
The sensilla have been classified morphologically into taste bristles and taste pegs. There are 
about 31 taste bristles on either half of the labella that enclose 4 sensory neurons, while there 
are 30 taste pegs that envelop a mechanosensory neuron and a chemosensory neuron (Shanbhag 













intermediate (i-type). The ‘l’ and ‘s’ sensilla house 4 sensory neurons that physiologically 
respond to sugar (the S cell), low salt (the L1 cell), high salt and bitter compounds (the L2 cell) 
and water (the W cell) (Rodrigues and Siddiqi, 1981), (Meunier et al., 2003). The ‘i’ sensilla 
house 2 sensory neurons, one of which responds both to low salt and sugar, while the other 
responds to high salt (Hiroi et al., 2004).  
The primary function of the peripheral taste sensilla is to test the quality of a food substance 
before it is internalized in to the pharynx. Within the pharynx there are three taste organs- the 
labral, the ventral and dorsal cibarial sense organ-LSO, VCSO and DCSO (Gendre et al., 2004). 
These organs contain gustatory receptor neurons that are used to test food quality once it has 
been internalized (Gendre et al., 2004).  
A fly first detects any food substance in its environment using the taste sensilla on its forelegs. 
There are more taste sensilla on the legs than on the labellum. Approximately 41 taste sensilla 
in males and 26 sensilla in females are distributed on each of the forelegs, 21 on the midleg 
and about 20 on the hindleg for both males and females (Ling et al., 2014).  The foreleg of 
female flies has fewer taste sensilla relative to the male foreleg, suggesting that these taste 











1.6.5 THE MOLECULAR AND NEURONAL BASIS OF TASTANT DETECTION IN 
DROSOPHILA 
Like the ORs, the gustatory receptors (GRs) are seven transmembrane G-Protein Coupled 
Receptor (GPCR proteins), expressed on the gustatory organs. There are a total of 68 gustatory 
receptors in Drosophila adult. There are multiple gustatory receptors involved in the detection 
of sugar and bitter substances, broadly representing the neurons mediating attractive and 
aversive responses to tastants (Wang et al., 2004). Using the GAL4-UAS system, the 
expression pattern of almost all the GRs have been characterized. Multiple GRs involved in 
the detection of the same tastant quality (e.g., either sugars or bitter compounds) are often found 
to be co-expressed within the same GRN. The receptor Gr5a is broadly expressed in all sugar 
sensing neurons, while Gr66a is expressed in bitter sensing neurons (Wang et al., 2004).This 
organization is similar that in mammals, where the spatial segregation of neurons is based on 
tastant quality. Gr5a can detect trehalose and glucose, and interestingly low concentrations of 
salts as well. Other sugar receptors that are expressed in subsets of Gr5a neuronal population 
include Gr61a and Gr64. Glucose is the key ligand for the Gr61a (Miyamoto et al., 2013). The 
Gr64 gene has been classified as an operon like gene encodes for six GRs- Gr64a, Gr64b, 
Gr64c, Gr64d, Gr64e and Gr64f. A Gr64f gene deletion mutant showed a reduced response to 
glucose, sucrose, trehalose, maltose and arabinose (Slone et al., 2007). Another sugar receptor, 
Gr43a responds to fructose and is importantly, also expressed in the brain where it acts as a 
sensor to monitor the concentration of fructose in the hemolymph. Gr43a regulates feeding 
behavior in accordance with the levels of fructose that is detected (Miyamoto et al., 2012).  
What are the receptors involved in the detection of bitter substances? Gr66a and Gr93a 
primarily mediate the detection of caffeine. Gr66a is co-expressed with all bitter sensing 
neurons in the labellum (Weiss et al., 2011). The Gr33a receptor is also broadly expressed and 





has been speculated to have a co-receptor like function analogous to Or83b (Moon et al., 2009). 
Gr66a, Gr32a and Gr33a also detect the insect repellent DEET (Lee et al., 2010)  
Apart from detecting aversive substances, many bitter taste receptors were found to play a role 
in courtship behavior. Gr66a-defective males and Gr32a and Gr33a mutant males displayed 
increased levels of courtship towards other males (Lacaille et al., 2007; Miyamoto and Amrein, 
2008; Moon et al., 2009). These receptors are suggested to be involved in the detection of the 
pheromone, 7-Tricosene. In addition, Gr32a neurons were required to execute wing extension 
during courtship. Inactivation of Gr32a neurons, resulted in flies extending both wings, instead 
of displaying unilateral wing movement required to generate courtship song (Koganezawa et 
al., 2010). 7-Tricosene detection by Gr32a was shown to enhance the aggression stimulatory 
effects of cVA (Wang et al., 2011). Another study revealed that Gr32a serves the important 
function of inhibiting courtship between members of different Drosophila species. This effect 
is brought about through the detection of the pheromone 7-Tricosene by foreleg specific Gr32a 
neurons (Fan et al., 2013). The receptor Gr68a is expressed in a sexually dimorphic manner in 
the forelegs of male and female flies. The expression of Gr68a was shown to be regulated by 
Dsx (see section 1.8.2 ).  Gr68a was first suggested to be a pheromone receptor for a gustatory 
aphrodisiac pheromone, as knocking down levels of Gr68a by the expression of a Gr68a 
specific RNAi transgene resulted in a decrease in the courtship indices of male flies towards 
virgin females (Bray and Amrein, 2003). However, the ligand for Gr68a has not been 
identified. In a subsequent study, the expression pattern of Gr68a was completely characterized 
(Ejima and Griffith, 2008). Gr68a was shown to be expressed in neuronal as well as in non-
neuronal cells on the foreleg. It was found to also be expressed in chemosensory and 
mechanosensory neurons. Within the central brain, Gr68a was found to project to the SEZ and 
the AMMC (Ejima and Griffith, 2008). Moreover, these studies also suggested that Gr68a 





function by perceiving stimulatory acoustic signals from a moving female fly. When Gr68a 
neurons were silenced with tetanus toxin (TNT), male flies take a longer time to find courtship 
targets in the absence of light and therefore show an increased courtship latency.  
In addition to GRs, gustatory organs also express ion channels that respond to water, salt 
concentration and pheromones. These ion channels belong to the pickpocket (ppk) class of 
proteins and are part of the degenerin epithelial sodium channel (DEG/ENaC) family. Ppk11 
and ppk19 are encoded by gustatory neurons on the proboscis, legs and the wing. These neurons 
are receptive to the concentration of sodium and potassium salts (Liu et al., 2003). Ppk28 is 
expressed on the labellum of flies and performs the important function of osmosensation. 
Ppk28 neurons were shown to respond robustly to water (Cameron et al., 2010). Ppk23 and 
ppk29 ion channels are expressed on the legs and proboscis of flies in a sexually dimorphic 
manner. Ppk23 and ppk29 gene knockout mutant males were shown to exhibit reduced levels 
of courtship towards females, displaying a lesser number of wing extensions and an increased 
courtship latency. Ppk23 mutants showed increased male-male courtship. Ppk23 neurons were 
shown to physiologically respond to a number of low-volatility pheromones such as 7,11-
heptacosadiene, 7,11-nonacosadiene, 7-pentacosene and 7-Tricosene. Another pickpocket 
gene ppk25 and a subunit of ppk25 named Nope, were also shown to have sexually dimorphic 
expression pattern and mediate courtship behavior (Liu et al., 2012b). Ppk25 males display 
reduced levels of courtship towards females (Starostina et al., 2012). Furthermore, ppk25 
neurons were shown to respond to 7,11-HD and 7,11-ND and also mediate female receptivity 
(Vijayan et al., 2014).  
Recently a novel class of 35 chemosensory ionotropic receptors of the IR20a clade were found 
to be expressed on the taste organs (Koh et al., 2014). Amongst these, three receptors IR52a, 
IR52c and IR52d, showed a sexually dimorphic expression pattern. An IR52Δcd mutant in 





Neurons expressing these receptors were found to respond physiologically to the chemical cues 
from virgin females and were closely appositioned near Fru neurons (see Section 1.8.5) in the 
central brain, suggesting they play a role as sensory modulators of courtship (Koh et al., 2014).  
1.6.6 HOW IS INFORMATION FROM PERIPHERAL GUSTATORY NEURONS 
RELAYED TO THE BRAIN? 
Gustatory neurons send projections to the sub-oesophageal zone (SEZ), the main taste 
processing center in the central brain. Neurons from the legs project to the SEZ via different 
parts of the thoracico abdominal ganglion (TAG). Foreleg, mid leg and hind leg neurons project 
to the pro, meso and meta-thoracic ganglia respectively (Kwon et al., 2014). Neuronal 
projections from different gustatory organs are known to project to different parts of the SEZ, 
suggesting there is spatial segregation. For example, the Gr32a axons from the proboscis were 
found to project to the medial part of the SEZ whereas Gr32a projections from the leg were 
found to extend to the posterior SEZ (Wang et al., 2004). Gr5a proboscis neurons were found 
to project in an ipsilateral manner and were placed more laterally relative to Gr66a projections 
(Wang et al., 2004). In a recent study by Kwon et al., the projection pattern of the 67 GRs in 
the central brain were thoroughly studied and categorised into 10 types. The projection patterns 
of these gustatory receptor neurons in the central brain has been described to be modular, and 
depends on type of gustatory organs the projections originate from, the information related to 
taste quality that these neurons relay, and whether the projects arise from gustatory neurons or 
peg cells (Kwon et al., 2014).  
Although, the role of the SEZ in processing taste-related information has been well established, 
much remains to be known about how projections from the SEZ connect to brain centres that 
lie upstream. Previous work has shown that neurons from the pars intercerebralis (PI) 
extensively branch out in the SEZ (Rajashekhar and Singh, 1994). More recently, work by 





protocerebrum (SMP) (Zhou et al., 2014). These studies suggest that the PI and the 























1.7 NEUROGENETIC CONTROL OF COURTSHIP BEHAVIOR- THE DROSOPHILA 
SEX DETERMINATION PATHWAY. 
Owing to the vast number of genetic tools that have been developed in the model Drosophila 
melanogaster, it has been possible to identify the genes and neural circuits controlling courtship 
behavior. Courtship is regulated by genes of the sex determination pathway (Hall, 1994; Hardy 
et al., 1981; Taylor et al., 1994) (Figure 10). These genes shape the development of sex specific 
chemosensory and behavioral circuits that in turn drive sex specific behaviors. Due to the 
sexually dimorphic expression of these genes, male and female flies, exhibit unique behavioral 
patterns, express different pheromonal profiles and chemosensory genes. How genes the sex 






























In Drosophila, sex is dictated by the X chromosome. The presence of two copies of the X 
chromosome directs a developmental program that gives rise to a female fly, while a single 
copy of the X chromosome and a Y chromosome gives rise to a male fly. The Y chromosome  
is chiefly responsible for spermatogenesis (Hardy et al., 1981). The first step of the sex 
determination pathway involves the activation or repression of the Sex-lethal gene (sxl) in a 
sex specific manner (Billeter et al., 2006). In female flies, sxl is activated and the Sxl protein 
subsequently functions as an autoregulator of its own synthesis. A sufficient expression level 
of transcription factors encoded by both the X chromosomes prevents activity of repressors 
that are encoded by the autosomes (non-sex chromosomes) that in turn allows Sxl to be 
expressed. In male flies, the single X chromosome is insufficient to repress activity of Sxl 
inhibitors, and therefore sxl is not expressed (Maniatis and Tasic, 2002) (Figures 10 and 11a). 
 
1.7.1 SXL FUNCTIONS AS A SPLICING FACTOR. 
The sex- specific expression of the transformer (tra) gene is under the control of Sxl and begins 
during the larval stages. In flies that are destined to become females, upon tra gene expression, 
Sxl binds to nuclear tra RNA and causes exon 3 bearing a stop codon to be excluded from the 
transcript (Goralski et al., 1989). This further enables the expression of tra. In males, exon 3, 



















1.7.2 TRA REGULATES EXPRESSION OF DSX. 
The tra gene regulates expression of dsx and fru, the two primary genes that control sexual 
dimorphism in flies. In females, the presence of Tra together with Tra2 mediates splicing of 
Dsx. The dsx pre-mRNA has six exons and splicing occurs in a sex specific manner. In females, 
exons 5 and 6 are omitted creating a female specific Dsx protein (DsxF). In males, exon 4 is 
excluded while the rest are spliced together to form the male specific Dsx protein (DsxM) 
(Figure 11c). 
 
1.7.3 THE ROLE OF DSX PROTEIN IN SPECIFYING MALE AND FEMALE 
SPECIFIC DEVELOPMENTAL FEATURES. 
Dsx regulates the development of somatic and neuronal tissue in both male and female flies. 
To gain insight into the expression pattern of Dsx, the yeast transcription factor GAL4 was 
knocked in to the dsx locus by homologous recombination (Rideout et al., 2010). This GAL4 
line was used to drive the expression of GFP. DsxM expression was noted in adult flies in the 
Figure 11.  Sex-specific splicing of the Drosophila sex-determination genes. Adapted from 





forelegs, the cuticular surface, oenocytes (pheromone-synthesizing cells), reproductive tissue, 
and defined neuronal populations. Rideout et al., 2010 tested the necessity of Dsx in specifying 
sex specific tissue by ectopically expressing DsxF in male flies. This manipulation resulted in 
development of female specific pigmentation and the absence of sex combs in male flies. On 
the other hand, over expression of DsxM in female flies resulted in the development of sex 
combs and male-specific pigmentation (Figure 12).  
 
 
1.6.4 DSX SPECIFIC NEURONAL CIRCUITRY.  
Gene expression analysis approximated that there are 900 Dsx positive neurons in the adult 
male CNS and about 700 neurons in the female CNS. In males, Dsx neurons show increased 
synaptic density(Rideout et al., 2010). 
 In the CNS, Dsx positive neurons were noted in the superior, medial and inferiolateral 
protocerebral regions and designated as the pC1, pC2, pC3 and aDN clusters (Figure 13). The 
neuronal clusters in the protocerebrum are connected by ipsilateral connections and by a 
commissural bridge to the corresponding neuronal clusters in the opposite brain segment. Dsx 
positive neurons were also seen in the taste processing centre, the sub-oesophageal zone (SEZ). 
Here, a cluster of neurons was present exclusively in adult males and designated as Dsx-SN. 
This cluster was not observed in females beyond the 48h pupal stage (Rideout et al., 2010). In 





the male ventral nerve cord (VNC), Dsx is expressed in the TN1 and TN2 neuropil (Figure 13). 
These neurons also project to the mesothoracic ganglion, the centre mediating generation of 
the courtship song. In the prothoracic ganglion, Dsx neuronal clusters are seen in both males 
and females. These neurons connect to the TN2 neurons in males via ipsilateral and 










Expression of Dsx positive neurons in the female CNS is restricted primarily to the abdominal 
ganglion (Abg) (Figure 13). The synaptic density of Dsx neurons in the Abg is greater in 
females than in males. The crucial differences in the neuroanatomy of the Dsx circuitry are 


























1.7.4 HOW DOES DSX SHAPE SEX-SPECIFIC DIFFERENCES IN THE 
NEUROANATOMY OF THE CNS? 
Differences in the Dsx circuitry between the male and female CNS, with respect to the observed 
differences in the numbers of neurons, was found to be shaped by sex specific programmed 
cell death (PCD) or apoptosis (Rideout et al., 2010). This pathway is described below. 
 
1.7.4.1 A BRIEF OVERVIEW OF THE DROSOPHILA APOPTOTIC PATHWAY 
Programmed cell death or apoptosis in multicellular organisms leads to the death of unwanted 
cells thereby maintaining a fixed cell population. During apoptosis in Drosophila, a signal 
transduction cascade is induced, whereby three genes reaper, grim and hid activate caspase 
enzymes via two possible molecular pathways. 
In the first pathway, an apoptosome complex comprising of the proteins cytochrome c, Dark, 
Dronc and Dredd, activates caspases. In the second pathway, the proapoptic genes Reaper, 
Grim and Hid inhibit the activity of the caspase inhibitor Diap1. The apoptotic pathway is also 















1.7.4.2 PROGRAMMED CELL DEATH IS INDUCED DURING THE 
DEVELOPMENT OF DSX CIRCUITRY, IN A SEX-SPECIFIC MANNER. 
Preventing apoptosis by mis-expression of the p53 gene at the 48h pupal stage in female brains 
induced the development of additional Dsx neurons within the pC2, pC3 and TN1 clusters, 
typically found in the male brain (Rideout et al., 2010). These results suggest that apoptosis is 
likely to play a role in inducing sex-specific differences in the neuroanatomy of the CNS. Thus, 
apoptosis specifically serves to induce cell death, in the female brain thereby preventing the 
development of male specific Dsx neurons. 
 
1.7.4.3 THE INFLUENCE OF Dsx ON SEX-SPECIFIC BEHAVIOURS. 
The influence of Dsx on courtship behavior have been studied through the analysis of various 
Dsx mutants. In subsequent studies (Rideout et al., 2010) explored the influence of Dsx on 
courtship behavior by using the GAL4-UAS system to silence synaptic activity in Dsx neurons. 
Males with silenced Dsx neurons were shown to be infertile for a period of up to one week. 
They displayed a long latency to courtship initiation. In flies that did initiate courtship, only 
the orientation and chasing behaviors were executed. In addition, these flies failed to perform 
wing extension or copulate. Female flies with silenced Dsx neurons were infertile and 
displayed an egg retention phenotype where eggs were retained in the oviduct. They took about 
40 minutes to copulate with males, versus 10 minutes in control flies. They also exhibited high 
levels of rejection behaviors, a decreased copulation duration and an increased remating 
frequency and locomotion. 
1.7.4.4 SEX SPECIFIC EXPRESSION OF THE fru GENE 
The gene Fruitless has been classified as a master behavioral switch based on the profound 
influence it exerts over courtship behavior. Fru is spliced in a sex-specific manner during 





P4 alternate promoters and the C1, C2, C3, C4 and C5 common exons (Demir and Dickson, 
2005) (Figure 15). Splicing from the P1 promoter results in the sex specific splicing of the S 
exon. In females, Tra and Tra-2 binds to the fru P1 transcript and directs splicing at an alternate 
5’ site that lies about 1590 kb of the male specific 5’ splice site (Heinrichs et al., 1998). The 
female transcript includes an exon that carries a stop codon that inhibits translation of the 
female fru mRNA into Fru protein. In males, the use of an alternate splice site results in the 
inclusion of a different exon that does not carry a stop codon, enabling the translation of male 








1.7.4.5 Fru GENE FUNCTION. 
To understand the function of the fru gene in male courtship behavior, the sex specific exon in 
the fru gene was modified to create 7 types of mutant alleles, each differing in the manner in 
which fru transcripts were spliced (Demir and Dickson, 2005), (von Philipsborn et al., 2014). 
Hemizygous adult flies carrying these mutations were tested for courtship defects and are 
described below: 





1. fruF- The S exon is not spliced due to a point mutation at the splicing site. These flies 
exhibit low levels of courtship. 
2. fruM- In the absence of Tra and Tra2, splicing occurs at a male specific donor site 
3. fruΔtra- carries no tra binding sites 
4. fru3 and fru4- These flies exhibit low levels of courtship and also display male-male 
courtship 
5. fruA - These flies exhibit low levels of male-female courtship 
6.  fruB- These flies exhibit low levels of male-female courtship and decreased fertility 
7. fruC- These flies fail to copulate and are defective in the production of courtship song 
when visual cues are lacking. 
In general fru mutant flies exhibit low levels of courtship with females and increased chaining 
behavior, where groups of fru mutant males start to form chains in which a male fly will try to 
court another male fly in front of him. 
How does manipulation of fru splicing influence female courtship and reproductive behaviors? 
While fruF females are fertile, fruM and fruΔtra are less fertile and show a low copulation 
frequency. In competition assays, fruF females were preferred as mating partners over FruM or 
fruΔtra females by wild –type males. FruM or fruΔtra will court other females or even males that 
have been genetically altered to produce female pheromones and will execute all features of 
male courtship except for abdomen curling. Overall, male specific splicing of fru dictates 
performance of male courtship behavior and can induce these male – specific behaviours in 
females.  
1.7.4.6 FRU SPECIFIC NEURONAL CIRCUITRY.  
There are about 1500 Fru neurons in the CNS of flies and 100 classes of Fru neurons (Yu et 





constructed using confocal image registration and by Yu et al., 2010. This study was key to 
understanding the neuro-anatomical components of the Fru circuit mediating male courtship 
behaviour. A brief description of these circuits is given below. 
 
1.7.4.7 OLFACTORY CIRCUITS: 
The olfactory receptors Or67d and Or47b are known to play a role in courtship behavior. The 
Or67d receptor mediates defection of the pheromone cis vaccenyl acetate (cVA) (Kurtovic et 
al., 2007), while Or47b has been implicated to play a role on the detection of a courtship 
stimulatory pheromone (van der Goes van Naters and Carlson, 2007), (Wang et al., 2011). 
Information from the Or67d and Or47b olfactory receptors is relayed to the DA1 and VA1 
glomeruli of the antennal lobe and are further connected to Fru positive projection neurons 
upstream. These PNs mediate the relay of information to the higher brain centres, namely the 
mushroom body and the lateral horn. Additionally, olfactory sensory neurons expressing 
ionotropic receptor Ir84a are Fru positive and are known to detect food odors but project to 
centres that process pheromones (Grosjean et al., 2011).  
 
1.7.4.8 AUDITORY CIRCUITS AND MOTOR CIRCUITS: 
A number of fru mutants display defects related to the production of courtship song. The 
auditory centres in the fly brain, the antennal mechanosensory centre (AMMC) and the 
Johnston’s Organ (JO), are innervated by Fruitless neurons. Fru-positive motor neurons project 
from the brain to the ventral nerve cord. From there, the pMP2 subset branches out to the 






1.7.4.9 CENTRAL BRAIN CIRCUITS: 
Several sexually dimorphic neuronal projections within the Fru circuitry were observed in the 
CNS. These differences in the neuroanatomy were found to be a result of the activity of FruM. 
Most sex specific differences were seen in the lateral protocerebrum, the sub-esophageal zone 
and the antennal lobe. The lateral protocerebrum of the fly brain contains the maximum number 
of Fru neurons, and processes inputs from different sensory modalities (Yu et al., 2010). For 
example, two neuronal clusters named pMP2 and aSP4 were exclusively present in the male 
brain.  
 
1.7.4.10 Fru POSITIVE NEURONS IN THE GUSTATORY ORGANS OF THE FLY 
ARE PHEROMONE RESPONSIVE: 
Although the role played by the fru gene and neuronal circuits had been well studied, its role 
in pheromone detection was only recently reported. Work by (Thistle et al., 2012), (Toda et al., 
2012) and (Liu et al., 2012b) reported the identification of Fru-positive gustatory neurons 
expressing the DEG/ENaC ion channel subunits ppk25 and ppk 23. These ion channels have 
been classified as contact chemoreceptors, exhibit a sexually dimorphic expression pattern and 
respond physiologically to courtship pheromones. 
1.7.4.11 SUMMARY OF THE FUNCTIONS OF Fru AND Dsx. 
The FruM circuit can function independently to execute most male specific aspects (with the 
exception of courtship song, execution of which is known to be under the partial control of 
Dsx) of courtship behavior. FruM is co-expressed with some Dsx neurons. Artificial activation 
of Fru or Dsx neuronal circuits can elicit male courtship behavior in the absence of a female 
target. Likewise, the inactivation of these circuits inhibits courtship behavior. However, 





1.7.4.12 NEURAL CIRCUITS MEDIATING COURTSHIP BEHAVIOR OF FEMALE 
DROSOPHILA MELANOGASTER. 
In contrast to the mating ritual of male Drosophila, female flies do not exhibit an elaborate 
courtship sequence. Female courtship behavior is best identified by the behavioral steps that 
are displayed to signal receptivity in response to the courtship attempts of a male. The neuronal 
and genetic bases of female receptivity have only recently been identified (Figure 16). In an 
RNAi screen neurons expressing a Hox family transcription factor, Abdominal B (AbdB) was 
found to be involved in regulating virgin female receptivity (Bussell et al., 2014). AbdB 
neurons extensively innervate the abdominal ganglion and reproductive organs of the female. 
These neurons further project to the SEZ, the venterolateral protocerebrum and the superior 
medial protocerebrum. A subset of AbdB neurons were shown to mediate pausing behavior 
and vaginal plate opening in female flies. Silencing AbdB neurons resulted in decreased levels 
of pausing behavior typically seen in immature virgin females (Bussell et al., 2014). 
The function of Dsx circuits in virgin female receptivity was recently described (Zhou et al., 
2014). This study describes circuits in the higher brain of female flies, involved in integrating 
sensory information related to both the perception of male courtship song and the female 
aphrodisiac pheromone, cVA with the execution of receptivity behaviors. Activation of 
cholinergic Dsx neurons and specifically, the pC1 and pCD neuronal subsets with the Dsx 
circuitry using the TrpA1 ion channel caused females to become more receptive and copulate 
with males at a faster rate, while silencing these Dsx neurons decreased receptivity. 
Furthermore, pC1 and pCD neurons were shown to respond to cVA while the pC1 subset could 
additionally respond to the male courtship song. What are the neuronal mechanisms regulating 
female receptivity post-mating?  The transfer of sex peptide from a male to a female during 
copulation induces several behavioral changes in the female with respect to receptivity- they 
become less receptive to courting males, exhibit high levels of rejection behaviors and show 





substrates underlying perception of sex peptide and the circuitry relaying information to the 
central brain of the female fly (Feng et al., 2014). Sensory neurons expressing the sex peptide 
receptor (SPSN) innervate the uterus. It was not previously known how these neurons relay 
information to the brain to induce post mating specific behavioral changes. Feng et al., 
identified Sex peptide Abdominal Ganglion neurons (SAG) as post synaptic targets of SPSN’s. 
These neurons are expressed in the abdominal ganglion and project to the dorsal protocerebrum 
and the pars intercerebralis (PI) in the central brain. The SAG neurons of virgin females have 
a higher spontaneous activity as compared to the neuronal activity in mated females. Addition 
of SP reduces EPSP’s (Excitatory Post Synaptic Potential) in virgin female SAG neurons, 
mimicking the reduction in SAG activity that is usually observed in females post-mating. In 
summary, pCd and pC1 neurons perceive stimulatory sensory inputs and relay these cues to 
downstream motor neurons, or potentially the AbdB neurons are involved in the execution of 
motor responses such as pausing and vaginal plate opening used to signal receptivity in virgin 
females, while SAG neurons are receptive to the physiological responses induced in female 














1.8. AN OLFACTORY PHEROMONE CIRCUIT IN DROSOPHILA 
MELANOGASTER, THE NEURONAL BASIS OF CIS-VACCENYL ACETATE (cVA) 
DETECTION 
The neural circuits underlying olfactory pheromone detection are well-described in the 
silkmoth Bombyx mori (Sakurai et al., 2014) and honey bee (Roussel et al., 2014). In 
Drosophila, the pathways mediating detection of the sex pheromone 11-cis-vaccenyl acetate 
(cVA) have been refined down to 4 neurons connected by 3 synapses (Ruta et al., 2010). In 
addition, the projection patterns for several other olfactory receptor neurons that likely detect 
sex pheromones have been mapped from the antennal lobe to the ventral lateral horn, 
implicating this region in the central brain as a specialized site for processing pheromone odors 
(Jefferis et al., 2007). 
Early electrophysiological studies suggested that cVA is detected by the at-1 sensilla on the 
antenna (Clyne et al., 1997). Subsequent to the characterization of Drosophila ORs, the 
receptor Or67d expressed exclusively in at-1 sensilla was identified by gene knock out analysis 
and electrophysiology to be the receptor for cVA (Kurtovic et al., 2007). Using an Or67d gene 
knock-out mutant ΔOr67d, Kurtovic et al., 2007 demonstrated that male flies lacking this 
receptor courted female flies perfumed with cVA, suggesting that the inhibitory effects of cVA 
could not be perceived in the absence of Or67d. Rescuing the function of Or67d by replacing 
the Or67d gene Or67d+, rendered the flies sensitive to cVA. Furthermore, by expressing a moth 
bombykol receptor BmOR1 and by the artificial activation of Or67d neurons with bombykol, 
Kurtovic et al., proved that Or67d was both necessary and sufficient for the detection of cVA. 
As Or67d is also expressed in the antennae of female flies, Kurtovic et al., 2007 also 
investigated its function in female courtship behavior. ΔOr67d females took longer to copulate 
with wild type (WT) males compared to Or67d+ females. This finding suggested that cVA 
additionally functions as a female aphrodisiac pheromone. How are sex-specific functions of 





neuronal pathway was studied by two photon microscopy (Datta et al., 2008). Or67d neurons 
project to the DA1 glomerulus in the antennal lobe. From here, information is relayed via 
projection neurons (PNs) to the mushroom body and the lateral horn in the protocerebral region 
of the central brain (Figure 17). The Or67d neurons and PNs are part of the Fru circuit.  Datta 
et al., 2008 examined the arborisation pattern of the PNs for sex-specific neuroanatomical 
differences.  
 Figure 17. Olfactory pheromone circuits. Detection of cVA is mediated by Or67d and LUSH. Or67d 
neurons from the antenna project to the DA1 glomerulus within antennal lobe. PNs relay information 
from Or67d neurons to the protocerebrum. Adapted from (Dickson, 2008). 
 
In the lateral horn (LH), dorsal, ventral and laterally- oriented axonal projections were observed 
in both male and female brains. Importantly, a male specific ventromedial projection was also 
observed and was found to be specified by the transcription factor FruM (Figure 18). This sexual 
dimorphism in the anatomy of the PNs was suggested to account for differences in the 









In another study, a refined neuronal photoactivation method was used to image the neuronal 
output from a single glomerulus and identified three sexually dimorphic, third order neuronal 
clusters, in the lateral horn (Ruta et al., 2010). These included male specific clusters DC1, DC2, 
and LC1 that showed differences in the neuronal number as well as the arborisation pattern. To 
directly examine if these dimorphic neuronal clusters responded to cVA, Ruta and co-workers 
labelled these neuronal clusters with the calcium sensitive indicator GCaMP3. The DA1 
glomerulus was stimulated by the exogenous application of the excitatory neurotransmitter 
acetylcholine, and changes in fluorescence intensity within the neuronal clusters was examined. 
A large increase in fluorescence was observed in the DC1 cluster. DC1 neurons also showed a 
specific response to cVA. Projections from the DC1 cluster were observed in the lateral triangle 
and the SMP tract in the central brain. Emanating from these regions, Ruta et al.,2010  
identified the male specific descending neuron, DN1 that extended to the ventral nerve cord 
(VNC) and the thoracico-abdominal ganglion (TAG). DN1 neurons were suggested to be 






Figure 18. The anatomical differences in the projection patterns of Or67d PNs in males and female flies. A 
distinct ventero-medial projection is observed only in males (white arrow). Adapted from (Datta et al., 2008). 
Figure 19. The cVA circuit in the male brain comprising of 4 neuronal clusters linked by 3 Synapses: 
Or67d PNs in the DA1 glomerulus, connect to the DC1 neuronal cluster in the LH that is in turn 





Altogether, the study by Ruta et al., led to the identification of third and fourth order neurons 
in the male brain involved in the processing of cVA (Figure 19). However, the upstream higher 
order neuronal components of the cVA circuit in the female brain remained to be mapped. This 
was further reinvestigated using different tools elucidated in a recent study by Kohl and co-
workers (Kohl et al., 2013) . A female–specific DC1 (aSP-f) neuronal cluster was identified. 
While projections from the male-specific aSP-f emanated from the ventral region from the 
lateral horn and branched out into the lateral junction, female specific aSP-f dendrites were 
absent in the lateral hom and projected to the superior protocerebrum. aSP-f male neurons 
synapsed with DA1 glomerular projections while those from females did not. In addition Kohl 
et al., identified that the aSP-g cluster in females synapsed with neurons from the DA1 
glomerulus. Furthermore, aSP-f in males responded to cVA while aSP-g in females responded 
to cVA. These physiological response were lost in ΔOr67d flies, confirming that these higher 
order neurons respond exclusively to input received via Or67d neurons. This difference in 




Figure 20. The bidirectional cVA circuit: In males, FruM establishes the neuronal connection between Or67d PNs 
and aSP-f neurons, which results in the perception of cVA as anti-aphrodisiac pheromone. In the female brain, due 
to the absence of FruM, Or67d PNs connect to aSP-g neurons, which mediated perception of cVA as an aphrodisiac. 





1.9  THE DISCOVERY OF A NOVEL DROSOPHILA PHEROMONE-CH503 
In Drosophila as with a number of other insects, males prefer to mate with females that have 
not previously mated with other males. Male flies transfer anti-aphrodisiac pheromones and 
sex peptide during mating, making the female seem unattractive to other males and reduce the 
risk of sperm competition. In Drosophila melanogaster, a mated female will be unattractive to 
males for a period of 9-10 days post-mating (Tompkins and Hall, 1981). The effects of the 
volatile anti-aphrodisiac pheromone cVA and the gustatory pheromone 7-tricosene wear off 
within 24 hours after they are transferred to the cuticular surface while the effects sex peptide 
are known to last for 7-days (Liu and Kubli, 2003). This suggests the presence of other 
unidentified chemical cues that are transferred to females which effectively suppress 
unattractiveness for 10 days or more.  
 
Figure 21 A. Schematic of the UV-LDI-o-TOF MS method. A laser beam is directed to the cuticle of an intact fly 
and used to desorb and ionize chemical compounds from the cuticle. Compounds are separated and identified by 
their m/z ratios (Levine and Millar, 2009). B.  Picture of the anogenital region of a male fly used in the MS 
analysis. The two most predominant chemical compounds found in this region cVA and CH503 are shown on the 







Using a novel technique known as ultraviolet laser desorption/ionization orthogonal time-of-
flight mass spectrometry (UV-LDI-o-TOF MS), several novel cuticular hydrocarbons were 
identified on the cuticular surface of male flies (Yew et al., 2009). A laser 200µm in diameter 
was targeted on the cuticle of a live fly and used to ionize chemical compounds from the 
surface, allowing for a refined spatial analysis of the cuticle and detection of polar compounds 
that could not be achieved using GC-MS under standard conditions (Figure 21). An ion with 
mass to charge ratio (m/z) of 503.3 was identified corresponding to a long chain oxygenated 
cuticular hydrocarbon with the elemental formula C30H56O3 and named CH503 (Figure 22).  
                                          






                            
 
The chemical structure of CH503 was elucidated as 3-O-acetyl-1,3-dihydroxy-octacosa-11,19-
diene. Using electrospray ionization mass spectrometry (ESI-MS), two functional moieties 
namely the acetate and hydroxy groups as well as two double bonds at C-11 and C-19 were 
identified in the structure of CH503. It was expressed in high abundance on the ejaculatory 
bulb of male flies together with cVA, and could not be detected on the cuticular surface of 
virgin female flies. Interestingly, CH503 was detected on the cuticle of mated females, 
suggesting that females do not innately express CH503 but rather acquire it from males during 
copulation. Furthermore, CH503 was retained on the cuticular surface of mated female flies 
for up to 10 days. To test if CH503 might influence the courtship behavior of flies, it was 
purified from fly cuticular extract using high-performance thin layer liquid chromatography 
(HPTLC), and applied on the cuticles of females. The courtship responses of wild type,  






Canton-S males were tested in courtship assays. The courtship of male flies was found to be 
supressed in proportion to the amount of CH503 applied to the female cuticle. Thus, CH503 
was functionally classified as a long-lived courtship inhibitory sex pheromone. The sensory 
mechanisms underlying the perception of CH503 were unknown. Gustatory pheromones play 
an essential role in shaping the behavior of many organisms. However, little is known about 
the processing of taste pheromones in higher order brain centres. The main aims of this thesis 
are: 
1. Determine the absolute structure of the CH503 molecule, and 
2. Elucidate the neural mechanism underlying perception of CH503. 
To do so, I tested the following hypotheses: 
1. I tested the hypothesis that the naturally occurring stereoisomer of CH503, would have 
the most potent biological activity.  
This part of the thesis describes the biological influence of the structural analogs and synthetic 
stereoisomers of CH503 on the courtship behavior of male Drosophila melanogaster. These 
studies were carried out in a collaborative effort with Prof. Kenji Mori and Dr. Kazuaki 
Akasaka. The structural analogs of CH503, were tested using behavior guided assays, and were 
found not to have a significant inhibitory influence on the courtship of male flies. The synthetic 
stereoisomers of CH503 were all found to have significant inhibitory effects at different 
concentrations. The absolute structure of naturally occurring CH503 was determined by HPLC 
to be (R,Z,Z)-CH503. Contrary to the hypothesis, (R,Z,Z)-CH503 had strong courtship 
inhibitory effects at higher dosages, in comparison with the stereoisomers of (S,Z,Z)-CH503 
that were found to have potent inhibitory effects at low doses. These studies were extrapolated 
to understand if the function of CH503 is evolutionarily conserved in other Drosophila species, 





2. I tested the hypothesis that CH503, analogous to the olfactory pheromone cis vaccenyl 
acetate, would be detected by male flies using a single chemosensory receptor.  
These studies show that detection of CH503 does not involve the olfactory organs of the fly 
and that due to its non-volatile nature, it is likely to be detected by contact chemosensation as 
a gustatory cue. In contrast to olfactory pheromones, little is known about the processing of 
taste pheromones in higher order brain centres. Using the proboscis extension reflex assay, 
behavioral neurogenetic screens, and calcium imaging, gustatory neurons on the forelegs of 
male flies, expressing the Gr68a receptor were identified as the primary mediators of CH503 
detection in the peripheral nervous system. Furthermore, by performing cell ablation 
experiments, this study shows that NPF and TK neurons in the subesophageal zone and the 
central complex of the fly brain as the higher order mediators of CH503 perception. These 
studies, describe the delineation of a neuronal circuit involved in the detection and processing 
of a gustatory pheromone, contributing further to our understanding of the neuronal 











CHAPTER 2: MATERIALS AND METHODS 
2.1 FLY STOCKS 
The following lines were used: Or83b-GAL4 (Larsson et al., 2004); Gr-GAL4 collection 
including Gr68a-GAL42 (Weiss et al., 2011); Gr68a-GAL41 (Bray and Amrein, 2003); ppk23-
GAL4, Δppk23, and Δppk29 (Thistle et al., 2012); Voila1 (Balakireva et al., 1998);  NPF-GAL4 
and NPFR1-GAL4 (Wu et al., 2003); c929 GAL4 (Hewes et al., 2003); oeno-GAL4 and UAS-
hid, stinger (Billeter et al., 2009); tsh-Gal80 (kind gift of Julie Simpson); UAS-GCaMP5 
(Akerboom et al., 2012); ΔTK1, ΔTK2, and UAS-TK (Asahina et al., 2014); TK-
GAL41(#51975), TK-GAL42 (#51974), TK-GAL43 (#51973), UAS-mCD8:GFP, UAS-stinger, 
UAS-syt.eGFP, UAS-reaper, UAS-dORKΔC, UAS-DTI, UAS-Shibirets1, UAS-dTrpA1 
(Bloomington Stock Center, Indiana, USA); UAS-Gr68a-RNAi (13380, 13381 from VDRC, 
Vienna, AU) and UAS-TK-RNAi (103662 from VDRC).. 
2.2 COURTSHIP ASSAYS 
For the courtship assays, chambers 10mm in diameter and 3mm in depth were used. 
Decapitated Canton S virgin female flies (4-6 days old) served as courtship targets for all the 
assays. A perfumed or control virgin female target and a 5-10 day old socially naïve 
experimental male were placed in each chamber and digitally recorded for 30 min. The assays 
were carried out at 25˚C and a piece of moist filter paper was placed inside each of the courtship 
chambers to maintain humidity.   
To determine whether any of the synthesized analogs was biologically active as a male anti-
aphrodisiac, a standardized courtship assay was used to determine whether male Drosophila 
courtship behavior was suppressed in the presence of a female fly perfumed with one of the 
analogs. Each analog was tested at the same dose that was found to be sufficient for bioactivity 





To measure the dose dependent courtship inhibitory effect of CH503 on CS male flies, female 
flies were perfumed with physiologically relevant doses of 83 ng/fly or 8.3 ng/fly of each 
stereoisomer of  (3S,11Z,19Z)-CH503. (3R, 11Z, 19Z)-CH503 was also tested at 2667 ng, 1333 
ng, 667 ng, 333 ng and 166 ng per fly.  
For the receptor screen and the screen to identify neural circuits in central brain regions, female 
flies were perfumed with 333 ng/fly dose of (3R, 11Z, 19Z)-CH503 previously established to 
be the minimum dose necessary to elicit statistically significant courtship suppression (Mori et 
al., 2010). The female courtship targets were perfumed with CH503, according to the protocol 
described in Billeter et al., 2009. Briefly, female flies were placed in vials containing 4 µg, 2 
µg, 1 µg, 0.5 µg and 0.25 µg of  (3R, 11Z, 19Z)-CH503 (taking into account the estimated 25% 
transfer of vial contents to the flies) and vortexed three times with three 20 sec intervals in 
between. Hexane perfumed females were used in control experiments. 
2.2.1 STATISTICAL ANALYSIS  
The courting initiation % refers to the number of trials in which courtship was observed for 
longer than one minute divided by the total number of trials. Behavioral assays for perfumed 
and solvent perfumed animals were performed in parallel. The courting initiation % was 
compared between pheromone and solvent-perfumed flies bearing the identical genetic 
background. Statistical analysis was performed using a Fisher’s exact probability test with 
Yates correction (VassarStats, www. vassarstats.net). Courtship vigor and latency were 
calculated for the 30 min observation period and compared using a one-way ANOVA with a 
Tukey’s post-hoc test (SPSS Statistics, IBM, USA). The margin of error was measured by 







2.2.2 DETERMINATION OF EFFECT SIZE VALUES FOR COURTSHIP 
PERCENTAGE DATA. 
To ascertain the adequate sample size, the effect size was first calculated to determine the 
difference between the percentage of male flies courting CH503-perfumed courtship targets 
and the number of males courting hexane perfumed females. The effect size was obtained by 
determining difference in the courtship percentage between the two experimental conditions 
and representing the results as a decimal. This was termed the courtship inhibition difference. 
We classified the effect sizes as follows: 
1. Small effect- Courtship inhibition difference (0.1) 
2. Medium effect- Courtship inhibition difference (0.3) 
3. Large effect- Courtship inhibition difference (0.5) 
Reference- (http://www.statisticshell.com/docs/effectsizes.pdf) 
2.3 IMMUNOHISTOCHEMISTRY 
Adult Drosophila brains and thoracic ganglia from 6-10 days old virgin flies were dissected in 
phosphate buffered-saline with 0.3% Triton X-100, pH 7.2 (PBST) and fixed in ice-cold 4% 
paraformaldehyde for 25 min. Samples were washed 3 times, for 15 min each in 1% PBST, 
treated in a blocking solution containing 2% PBST and 10% normal goal serum for 30 minutes 
at room temperature, and incubated in primary antibody solution. After 3 washes in 1% PBST, 
the tissues were incubated overnight at 4 °C in secondary antibody solution. Following 3 
washes in 1% PBST, the brains were mounted on glass slides with Vectashield mounting 
medium (Vector Laboratories, Burlingame, CA). Images were acquired on a Zeiss LSM 510 
Meta inverted microscope equipped with 488 nm and 633 nm lasers.  For all tissues, 132 frames 
with a z step size of 0.46 μm were acquired. The following primary antibodies and dilutions 





Developmental Studies Hybridoma Bank, Iowa City, USA), rabbit anti-NPF (1:2000; kind gift 
from Ping Shen; (Wu et al., 2003)), and guinea pig anti-tachykinin (1:2000; kind gift from 
David J. Anderson; (Asahina et al., 2014)). The following secondary antibodies used were: 
anti-chicken 488 (1:500; Jackson ImmunoResearch Laboratories, West Grove, USA), anti-
rabbit Cy3 (1:500; Jackson ImmunoResearch Laboratories), anti-guinea pig Cy3 (1:500; 
Jackson ImmunoResearch Laboratories), anti-mouse 633 (1:500; Jackson ImmunoResearch 
Laboratories). Image analysis was done using ImageJ software (NIH).  
2.4 CALCIUM IMAGING OF FORELEG NEURONS WITH SPINNING DISK 
CONFOCAL MICRSCOPY 
Calcium imaging experiments were performed on 14-28 day adults. The following fly strains 
were used: i) UAS-GCAMP5/Cyo; Gr68a-GAL4, ii) +/UAS-GCAMP5; Ppk23-GAL4, iii) 
+/UAS-GCAMP5; Gr68a-GAL4/ UAS-Gr68a-RNAi and iv) +/UAS-GCAMP5; ΔGr68a 
(GAL4 knock-in). To generate Gr68a-Gal4 and UAS-GCaMP5-expressing alleles in the 
mutant and rescue backgrounds, Gr68a-Gal42 and UAS-GCaMP5 transgenes were re-
combined onto flies with the ΔGr68a or Gr68aRes background and verified by labeling with 
UAS-mCD8::GFP. A live fly was immobilized on a 0.17 mm coverslip with nail polish (Sally 
Hansen, USA). The fly foreleg was held firmly against the surface of the coverslip with two 
pieces of adhesive tape placed over the first and last tarsal segments, thereby exposing the 3 
middle tarsal segments. A hydrophobic barrier was drawn around the fly with a PAP pen 
(Sigma-Aldrich, St. Louis, USA) to prevent the flow of solvent. 










10 µL of 0.1% PBST was pipetted onto the tarsal segments, after which three pre-stimulation 
images (2.4 sec) were acquired. 10 µL of CH503 in 0.1% PBST was added to the leg resulting 
in a final concentration of 5 ng, 50 ng or 500 ng, following which 117 post stimulation images 
were, acquired (93.6 sec). 
Images were acquired on a spinning disk confocal microscope (Nikon Ti-E equipped with a 
Yokogawa CSU-X1, scan head and a either a digital sCMOS camera (Hamamatsu Photonics 
ORCA-Flash4.0) or a cooled CCD camera (CoolSNAP HQ2, Photometrics) using a 60x/1.4 
N.A. oil objective lens. A 491nm laser was used to excite the GCaMP5 reporter.  Four Z-slices 
with a thickness of 0.5 µm were acquired every 800 milliseconds, for a total of 120 frames. 
QUANTITATIVE ANALYSIS OF PHEROMONE-INDUCED NEURONAL 
ACTIVITY 
The natural stereoisomer of CH503, (3R,11Z,19Z)-CH503, and a chiral stereoisomer 
(3S,11Z,19Z)-CH503 were tested at doses of 5 ng, 50 ng and 500 ng (prepared from a 1mg/mL 
stock solution of the pheromone in 0.1% PBST). For control experiments, an additional 10 µL 
of solvent or an analogue of CH503(50ng of (S)-3-Acetoxy-19-octacosen-1-ol or 500ng of (R)-
3-Acetoxy-11,19-octacosadiyn-1-ol) was pipetted on the exposed tarsal segments. Analogues 






0 sec 0.8 sec 
4.8 sec 
Figure 2. The response of neurons depicted as a false colour coded image shows increase in 
fluorescence intensity of neurons with time 







To measure the fluorescent response, time series confocal Z-stacks of GCaMP5-expressing 
neurons were analysed using Image J (Rasband, W.S., 1997-2012) by calculating the integrated 
density of fluorescence present in the cell body relative to that in an ROI of background region 
of an equivalent area. To calculate the maximum change in fluorescence signal (ΔF/F), the 
signal density over the whole cell body was divided by the signal from an equivalent volume 
of an adjacent region(background). Confocal Z-stacks were analyzed using ImageJ (Schneider 
et al., 2012). For Gr68a-GAL4-labelled neurons, ΔF/F was calculated from single neurons. For 
ppk23-GAL4-labelled neurons on the foreleg, ΔF/F was calculated from the total signal from 
either two adjacent cell bodies or the base of the axon projections. Due to their close proximity 
to each other, some individual cell bodies could not be differentiated. In some experiments, the 
maximum ΔF/F occurred in projections though it could not be discerned from which cell body 
the projection originated. For proboscis measurements, ΔF/F represents the averaged values 
from 14 cells (for CH503 stimulation) or 20 cells (for PBST stimulation), measured from 5–6 
flies. For all measurements, the averaged, normalized response to the stimulant vs the averaged, 
normalized response to control solvent was compared using a Student’s t-test for equal or 
unequal variances (Vassar Stats). Comparison of variance was determined with an F-Test 











2.5 PROBOSCIS EXTENSION REFLEX (PER) ASSAY 
The foreleg of both male and female flies has neurons that respond to sugars and bitter 
substances. A hungry fly will extend its proboscis as an innate reflex when gustatory receptors 
on its foreleg are stimulated with a sugar solution (Kimura et al., 1986). When used to stimulate 
the foreleg gustatory receptors, stimulants such as a sugar solution will be perceived as 
appetitive by the SEZ and induce E49 motor neurons on the proboscis to trigger extension of 
the proboscis (Dethier, 1976) and (Gordon and Scott, 2009). If an inhibitory substance like 
caffeine or the pheromone (Z)-7-tricosene (Lacaille et al., 2007) are used to stimulate the 
foreleg together with a sugar solution, the PER is suppressed (Figure 3). This assay was used 
to determine if stimulation of the fly foreleg with CH503 could evoke a definite taste response. 
                                                     
 
 
The PER assay was performed as described in (Lacaille et al., 2007) and (Shiraiwa and Carlson, 
2007). Flies of the following genotypes were tested:  i) Canton-S wild type flies; ii) Gr68a 
mutant line- ΔGr68a (227); iii) Gr68a rescue. Male and female flies were collected shortly 
after eclosion and raised on cornmeal media for 24 hours. The flies were starved for 36 hours 
in a vial containing a kimwipe soaked with water. The kimwipe was always kept moist by 
regularly adding water.  Flies were mounted on the dorsal surface on glass slides with nail 
polish and left in a humidified Petri dish for at least 2 hours prior to the assay. The forelegs of 
each fly were first stimulated with water to check its responsiveness to water. Any fly found to 
Figure 3A. Fly proboscis in a 
retracted state. 
 
Figure 3B. Fly proboscis in an extended 






respond was allowed to drink water unto satiation. The forelegs of flies were stimulated with 
the following substances using paper wicks, with a two minute interval between the different 
stimulations: i) 4% sucrose in water (Positive control) ii) 4% sucrose and 2 µg,1 µg, and500 
ng of (3R,11Z,19Z)-CH503 or 5 ng, 50 ng, 500 ng of (3S,11Z,19Z)-CH503; iii)  4% sucrose 
and 3 µg of (Z)-7-tricosene (dissolved in hexane ; Cayman Chemicals; ) and 4% sucrose and 
100 mM caffeine (postivie control; dissolved in water; Sigma-Aldrich). Flies which extended 
their proboscis upon stimulation with the above substances at least two times were counted as 
responders.  
The statistical significance of the number of responders relative to the number of flies showing 
proboscis extension to 4% sucrose alone was determined using the Fisher exact probability test 
(VassarStats, www.vassarstats.net). The assays were always carried out between 2 p.m to 5 















2.6 DETERMINING THE VOLATILITY OF CH503 
To determine the volatility of CH503, a courtship chamber containing a male and a decapitated 
virgin female fly was placed either 6mm or 3mm away from, or on the floor of a separate 
chamber containing piece of filter paper soaked in CH503 (Figure 4 ).  
    
         
2.6.1 PREPARATION OF HYDROCARBON EXTRACT FROM FEMALE CUTICLES 
15-30 female flies were collected in a glass vial (Wheaton). Hexane was added in amounts 
sufficient to cover the top surface of the flies within the vial and left for 20 minutes. The extract 
was collected using a glass syringe. The female flies were rinsed with hexane and the extract 
was collected once again. The hydrocarbon extract obtained was allowed to evaporate under 
an air stream, and stored at -20 °C. 
 
 






2.6.2 ABLATION OF OENOCYTES  
Oenocytes of female flies were ablated using a UAS-hid, stinger transgene as described in 
Billeter et al., 2009. Briefly, +; Prom E (800)-GAL4 [4m], Tub: Gal80ts males were crossed 
to +; UAS-hid, stinger/Cyo virgin females. Crosses were raised at 18 °C. Adult progeny from 
the crosses were collected upon eclosion and raised at 29 °C for six days, in food vials 
containing moist tissue to maintain humidity. The reduction in the expression levels of cuticular 
hydrocarbons was confirmed by DART-Mass Spectrometry. Flies used for behavioral assays 
were 6 days old.   
2.7 GENERATION OF TRANSGENIC FLIES  











To screen for receptors and central brain circuits associated with CH503-detection, transgenic 
flies were generated using the GAL4–UAS system (Figure 5) to drive expression of toxin or 
pro-apoptotic transgenes UAS-Reaper, UAS-DTi or UAS-hid, stinger which ablate neurons, 
by the expression of UAS-Shibire(ts) or UAS-dORKΔC which inhibits synaptic transmission. 
Figure 5. The GAL4-UAS system was used to drive the expression of toxin transgenes or cell-death inducing 
genes in a select neuronal population or in individual chemosensory receptor neurons. The GAL4-UAS 
expression system has two components 1) a driver line comprising of a sequence encoding the yeast transcription 
factor, GAL4, fused to the cell-specific promoter or enhancer of a specific gene and 2) a reporter line consisting 
of an Upstream Activating Sequence conjugated to a gene of interest. When the driver line is crossed to the 







Expression of the Gr68a receptor gene was silenced using a Gr68a specific RNAi line (Bray 
and Amrein., 2003). The activity of neurotransmitter systems within the Gr68a, NPF, and c929 
circuits were reduced by targeting the expression RNAi transgenes directed against 
neurotransmitter transporters, receptors or enzymes for rate limiting steps of their biosynthetic 
pathway. For experiments with male flies lacking olfactory organs, antennae were surgically 
removed one day post eclosion and the maxillary palps were surgically removed under CO2 
anesthesia 48 hours prior to testing their courtship behavior.  
CS and mutant male flies from all crosses were isolated at the pupal stage in isolation vials 
containing 2 mL of standard cornmeal media. The vials were placed at 23˚C, and 60% 
humidity. 5-8 day old flies were used for courtship assays. For experiments involving the use 
of temperature-sensitive transgenes UAS-Shibire(ts) and UAS-TrpA1 experiments, flies were 
placed in an incubator at 29˚C, 2 hours before the assay. Courtship chambers were placed on a 
hotplate pre-warmed to 29˚C, while the experimental male and target female were introduced 
into each chamber. The chamber was placed in an incubator at 29˚C and the temperature inside 
the chamber monitored by a digital thermometer throughout the assay. Control experiments 
were simultaneously carried out at 23˚C (Shibire assays) or 18˚C (TrpA1 assays). The 
percentage of courting flies, taken as the distribution of pairs in which courtship was observed 
for more than one minute, was compared to the percentage of male flies courting hexane 










2.8. GENERATION OF ΔGr68a AND ΔGr68a-RESCUE (Gr68aRes) FLIES 
ΔGr68a and ΔGr68a-rescue (Gr68aRes) flies were generated by ends-out homologous 
recombination as previously described (Chen et al., 2011) using the pw25-RMCE targeting 
vectors and verified by PCR using primers to the vector sequence (Weng et al., 2009). Loss of 
the Gr68a sequence was verified by quantitative PCR. To generate Gr68a-GAL4 and UAS-
GCaMP5-expressing alleles in the mutant and rescue backgrounds, Gr68a-GAL42 and UAS-
GCaMP5 transgenes were re-combined onto flies with the ΔGr68a or Gr68aRes background 
and verified by labelling with UAS-mCD8:GFP. 
2.9 CHEMICAL REAGENTS 
The chemical syntheses of (3S,11Z,19Z)-CH503, (3R,11Z,19Z)-CH503, (S)-3-Acetoxy-19-
octacosen-1-ol and (R)-3-Acetoxy-11, 19-octacosadiyn-1-ol have previously been described 


































































































































  (R)-3-acetoxy-19- octacosen-1-ol 
  (S)-3-acetoxy-19- octacosen-1-ol 
  (R)-3-acetoxy-11- octacosen-1-ol 
 (S)-3-acetoxy-11- octacosen-1-ol 
(S)-3-acetoxy-11, 19- octacosadiyn-1-ol 
(R)-3-acetoxy-11, 19- octacosadiyn-1-ol 






3. ELUCIDATION OF THE STEREOSTRUCTURE OF CH503 
To characterize the relationship between the structural features of the CH503 molecule and 
its biological activity I examined 1. The necessity of the double bonds and 2. The importance 
of the stereochemistry. The structural features of pheromone molecules such as i) chirality- 
the presence of a chiral carbon atom, an important determinant of the absolute configuration 
or the arrangement of chemical groups around it, in 3D space, ii) the presence of functional 
groups   iii) the number of double bonds and iv) the absolute geometries of the double bonds 
can exert a significant influence on its biological activity (Mori, 2007) . These structural 
features can impact how the pheromone molecule interacts with its receptor or a cognate 
pheromone binding protein, and therefore mediate how efficiently it is perceived by the 
sensory systems of an organism.   
The CH503 molecule carries two double bonds at C-11 and C-19. To assess the contribution 
of these double bonds on its biological function as an anti-aphrodisiac pheromone, eight 
structural analogs of (R,Z,Z)-CH503 and (S,Z,Z)-CH503, each with different structural 
modifications to the two double bonds were synthesized (Figure 1). 
The biological activity of the analogs was tested using courtship assays. The analogs of (R,Z,Z)-
CH503 were assayed at a concentration of 2667 ng /fly and the analogs of (S,Z,Z)-CH503 were 
tested at  83 ng /fly, dosages that were found to trigger a significant inhibition of male courtship 


























None of the analogs induced a significant reduction in the percentage of courtship in 
comparison with the control solvents (Table 1). The results suggest that the double bonds in 






Chloroform (control)       0 100%  (N=18) 
Hexane (control)       0 95%    (N=38) 
(S)-3-acetoxyoctacosan-1-ol      83 94%    (N=18) 
(S)-3-acetoxy-11,19- 
octacosadiyn-1-ol 
     83 100%  (N=15) 
(S)-3-acetoxy-11-octacosen-1-ol      83 82%    (N=17) 
(S)-3-acetoxy-19-octacosen-1-ol      83 94%    (N=16) 
(R)-3-acetoxy-11-octacosan-1-ol     2667 100%  (N=16) 
(R)-3-acetoxy-11,19- 
octacosadiyn-1-ol 
    2667 100%  (N=18) 
(R)-3-acetoxy-11-octacosen-1-ol     2667 83%    (N=18) 
(R)-3-acetoxy-19-octacosen-1-ol     2667 89%    (N=18) 
  Table 1. The analogues of (3S,11Z,19Z)-CH503 and  (3R,11Z,19Z)-CH503 were tested  







                                       THE STEREOISOMERS OF CH503                                            













               








































  (3S, 11Z, 19Z)-CH503 
(3R, 11Z, 19Z)-CH503 
(3R, 11E , 19Z)-CH503 
(3S, 11E , 19Z)-CH503 
(3R, 11E, 19E)-CH503 
 (3S, 11E, 19E)-CH503 
(3R, 11Z, 19E)-CH503 
(3S, 11Z, 19E)-CH503 
Figure 2: The eight synthetic stereoisomers of CH503 showing structural variations in the absolute 
configuration of the chiral carbon atom (red arrow) and/or double bond geometry (green arrow). The 





3.2 ANALYSIS OF THE BIOACTIVITY OF THE STEREOISOMERS OF CH503 AND 




Figure 3. Bioactivity of CH503 stereoisomers. Percentage of trials in which male D. melanogaster exhibited 
courtship behavior towards a female courtship targets perfumed with: A. The eight synthetic stereoisomers of 
CH503 that were each tested at doses of 8.3 ng/fly and 83 ng/fly. B. The (R,Z,Z)-CH503 stereoisomer that was 
tested between a 0 ng/fly-2666 ng/fly concentration range. The percentage of courting pairs is compared to the 
percentage of trials in which courtship is observed with female flies perfumed with hexane (0 ng/fly CH503), 
using the Fisher exact probability test***p<0.0001, **p<0.001, *p<0.05. Error bars depict 95% confidence 
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Figure 4. Courtship inhibition difference (effect sizes) of male D. melanogaster towards female 
courtship targets perfumed with: A. The eight synthetic stereoisomers of CH503 that were each tested 
at doses of 8.3 ng/fly and 83 ng/fly. B. The (R,Z,Z)-CH503 stereoisomer that was tested between a 0 
ng/fly-2666 ng/fly concentration range. The courtship inhibition difference was obtained by 
subtracting the courtship initiation (%) for each dosage from the courtship initiation (%) for hexane 







































































By mass spectrometry analysis and chemical derivatization, the structure of CH503 was 
initially found to be 3-O-acetyl -1, 3-dihydroxy octacosa -11, 19 diene, highlighting the 
presence of acetoxy and hydroxyl functional groups, in addition to two double bonds. However, 
the absolute configuration of the functional groups around the chiral carbon atom and the 
geometry of the two double bonds remained to be determined. To elucidate the structure, all 
eight possible stereoisomers (Figure 2) were synthesized in collaboration with Prof. Kenji Mori 
(University of Tokyo) and their biological activities were tested using behavior guided 
courtship assays.  
The S-stereoisomers, (S,Z,E)-CH503, (S,E,Z)-CH503, and (S,E,E)-CH503 were bioactive both 
at 8.3 ng /fly and 83 ng/fly, and inhibited courtship behavior in a significant number of trials. 
Notably, the stereoisomer (S,E,E)-CH503 had the most potent effects on male courtship, 
triggering complete inhibition of courtship in all trials even at a low dose of 8.3 ng/fly. These 
stereoisomers had a large effect on the courtship behavior of male flies ranging from 0.5-0.8. 
The number of males initiating courtship towards male flies perfumed with (S,Z,Z)-CH503 at 
an 8.3 ng/fly dose was found to be equal to the number of males courting hexane perfumed 
targets, and therefore did not have a significant inhibitory influence on courtship at this dose. 
Female flies perfumed with an 83 ng/fly had a medium sized effect on the courtship inhibition 
difference of males ~ 0.4 and elicited courtship only from 50% of the males. Thus, the minimal 
concentration of (S,Z,Z)-CH503 required to significantly inhibit courtship behavior of males is 
approximately 83 ng/fly. Amongst the R-stereoisomers, (R,Z,Z)-CH503, (R,E,E)-CH503 
(R,E,Z)-CH503 and (R,Z,E)-CH503 had weak inhibitory effects and a small sized effect on the 
courtship inhibition difference of males ~ -0.1-0.2,  at dosages of 8.3 ng/fly and/or 83 ng/fly 
(Figure 3A).  
The amount of CH503 detectable on the cuticle of a male fly is approximately 36 ng (Mori et 





physiologically relevant dosages, and given that Z-substituted alkenes are the most 
predominantly expressed class of pheromones amongst insects, naturally occurring CH503 was 
expected to have a (S,Z,Z)-CH503 stereostructure.  
 To further confirm the absolute structure of CH503, in collaboration with Dr.Kazuaki Akasaka 
(Shokei Gakuin University) the eight stereoisomers were separated by the Ohrui –Akasaka 
HPLC method, and the retention times of the synthesized compounds were compared to that 
of naturally occurring CH503 (Figure 5). The isoform (R,Z,Z)-CH503 was found to have a 
retention time of 35.5 minutes, comparable to the retention time of naturally occurring CH503 
obtained from cuticular extract of flies, 35.6 minutes. Thus, unexpectedly, the stereostructure 
of naturally occurring CH503 was found to be (3R, 11Z, 19Z)-CH503 (Shikichi et al., 2012). 
 
Figure 5. HPLC separation of CH503 stereoisomers. HPLC chromatograms depicting peaks 
representative of the retention times (tR) of the 8 CH503 stereoisomers (A) and the tR of CH503, 
obtained from fly extract (B). Naturally occurring CH503 (B) had a tR of 35.6 minutes close to the tR 
peak of  (R,Z,Z)-CH503 (35.4 minutes).  
 
Next, to test if (R,Z,Z)-CH503 exhibits stronger biological activity at a dose greater than 83 
ng/fly and to determine the dosages over which (R,Z,Z)-CH503 effectively inhibits courtship, 













concentration range. The courtship response was significantly inhibited upwards of a dose of 
166 ng/fly.  
3.3 DISCUSSION 
3.3.1 THE INFLUENCE OF THE DOUBLE BONDS ON THE BIOLOGICAL 
ACTIVITY OF CH503 
The double bonds probably facilitate the interaction of CH503 with its receptor or a pheromone 
binding protein. In the absence of the double bonds, it is possible that the binding affinity is 
reduced thereby decreasing its ability to be perceived by the sensory receptors of the male fly. 
A similar study was carried out on the sex pheromones of the insect pest Spodoptera litura, 
which comprise of a blend of tetradecenyl acetate and tetradecadienyl acetate isomers (Liu et 
al., 2012a). The pheromone binding protein of this insect Slit PB1, was shown to bind to 
unsaturated analogs with a higher affinity than saturated analogs or even those with one or two 
double bonds. These studies highlight the influence of double bonds on pheromone bioactivity. 
3.3.2 THE SIGNIFICANCE OF STEREOCHEMISTRY ON THE BIOLOGICAL 
ACTIVITY OF CH503 
Contrary to the hypothesis, the natural stereoisomer (R,Z,Z)-CH503 was shown to have a 
stronger effect as an anti-aphrodisiac pheromone when tested at higher dosages in comparison 
to the synthetic S-stereoisomers of CH503 that were potent at lower dosages. It is therefore 
probable that the S-stereoisomers function as a supernormal stimulus in male flies. A 
supernormal stimulus is one that evokes a more robust sensory response in organisms, than the 
stimulus for which it evolved (Tinbergen, 1948).  
Recent work by Ng et al., (Ng et al., 2014) showed that the function of CH503 is conserved 
amongst the genus Drosophila and evolved by a mechanism known as sensory exploitation. 
These studies revealed the presence CH503 on the cuticular surface of other members of the 
melanogaster subgroup namely, D.yakuba, D.sechelia and D.simulans. In these species, 





that observed D. melanogaster. Surprisingly, although CH503 is not synthesized by distant 
relatives of the melanogaster subgroup, such as D.ananassae, D.willistoni, D.mojavensis and 
D.virilis, these species responded to both stereoisomers, suggesting evolutionary conservation 
of the CH503 detection mechanisms. However, contrary to the observations on the 
melanogaster subgroup, it was found that the natural stereoisomer was more potent than 
(S,Z,Z)-CH503. These findings suggest that the function of CH503 in the melanogaster group, 
evolved because males could gain reproductive benefits (e.g. increased sperm propagation) by 
using it as an anti-aphrodisiac. Mechanistically, males have evolved the use of CH503 by 
taking advantage of the sensory biases of other males. Furthermore, in the melanogaster 
subgroup in which the use of CH503 is more prevalent, the receptors mediating its detection 
were under heavy selective pressure and have evolved to become less sensitive to (R,Z,Z)-
CH503, perhaps to modulate its inhibitory effects on courtship. It will be interesting to 
determine how differences in the sensitivities to the two stereoisomers are encoded by the 



































             
 





3.5. RESULTS  
To understand how CH503 influences the courtship behavior of male flies and how it is 
detected by neurons in the peripheral nervous system and processed in the central brain,  the 
following experiments were performed. 
3.5.1 Male courtship behavior is inhibited in a dose dependent manner by CH503 
 
Figure 1. (R,Z,Z)-CH503 is a courtship inhibitory pheromone. A. The wing vibration latency of male flies 
calculated as the amount of time before the first observation of wing extension towards a female fly. B. Courtship 
vigor is calculated as the total time a male fly spends courting, from the beginning of the first courtship step. Wing 
vibration and courtship vigor data are compared using an one way ANOVA and a Tukey post hoc test-***p<0.001. 
Error bars represent s.e.m. 
 
Courtship in Drosophila consists of a stereotyped sequence of behaviors including orientation, 
wing vibration, tapping with the forelegs, abdomen curling, and copulation.  To determine the 
amount of CH503 necessary for significant courtship inhibition, wild type CS male flies were 
placed with virgin females perfumed with doses of synthetic CH503 from 0 ng to 2667 ng. 
Males exhibited a dose-dependent response to the pheromone, requiring a minimum dose of 
166 ng/fly to suppress courtship in approximately 50% of the behavioral trials (Figure 1A). In 
the presence of a solvent control, males initiated courtship in approximately 90% of trials. The 
latency to courtship initiation (as measured by the first instance of wing vibration) was similar 
across all doses, ranging from 350 to 400 seconds (Figure 1B). However, the overall courtship 
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inhibits the courtship sequence following initial wing vibration and sustained courtship 
behavior. 
3.5.2 CH503 is a low volatility contact cue and is effective only when detected on female 
cuticles 
 
Figure 2. CH503 has low volatility and inhibits courtship only when detected on the female cuticle. Male flies 
cannot detect CH503, when placed on a filter paper 6 mm, 3 mm away, or when placed on the floor of the courtship 
chamber, and all males initiate courtship towards female flies in these cases. Courtship initiation is inhibited in a 
significant fraction of the male flies only when CH503 perfumed females are used as courtship targets. Error bars 
represent 95% confidence intervals, with upper and lower limits, corrected for continuity. 
 
To determine whether CH503 is volatile under standard laboratory conditions, male courtship 
behavior was examined with the pheromone source placed separately from the female target. 
To prevent contact with the pheromone source, a mesh barrier was placed between the 
courtship chamber and a piece of filter paper soaked in 64 μg of CH503, a dose that was found 
to effectively suppress courtship initiation in 100% of male flies in a standard courtship assay 
(Figure 1). Male courtship initiation was unaffected when the filter paper was placed 6 mm or 
3 mm away, or on the floor of the courtship chamber (allowing for direct contact). In each case, 
100% of the male flies initiated courtship towards virgin females (Figure 2). Next, the 


















































of female cuticular extract and CH503 on the filter paper was found to be ineffective at 
inhibiting male courtship (Figure 2). Potential synergistic effects from female pheromones 
were assessed by using transgenic female flies in which oenocytes, the pheromone-producing 
cells in Drosophila, have been genetically ablated. In the presence of oenocyte-less flies 
perfumed with CH503, courtship was still inhibited in a significant number of male flies tested 
(Figure 2). Taken together, these results indicate that female specific pheromones synthesized 
in the oenocytes do not mediate the detection of CH503. Furthermore, CH503 is effective as 
an anti-aphrodisiac only when placed on the cuticular surface of females, indicating that 
sensory cues other than female cuticular hydrocarbons are required for its function. Thus, 
contrary to the hypothesis, CH503 is a non-volatile pheromone, unlike the olfactory anti 
aphrodisiac, cVA. What does the low-volatility of CH503 predict about the sensory 
mechanisms involved in its detection? A number of insects pheromones with higher volatility 
can be detected at a distance by the olfactory organs. The female emperor moth Saturnia 
pavonia, for example, can attract males by emitting a volatile pheromone that can astonishingly 
be detected at distances of up to 11 kilometres by the antennae (Shuker, 2001). In Drosophila 
melanogaster, a study on the effects of the volatile olfactory pheromone cVA on courtship 
learning, used an experimental setup similar to that described in this study and showed that 
cVA applied to a filter paper could be perceived at a distance of 6 mm. (Ejima et al., 2007). In 








                                                                                                     
Figure 3. Flies can detect CH503 without the major olfactory organs. The antennae and maxillary palps of CS 
male flies were surgically removed and the flies were assayed for their ability to detect CH503. A. Courtship to 
female targets perfumed with 83 ng/fly (S,Z,Z)-CH503 was suppressed in a significant number of the male flies 
lacking antennae or maxillary palps and in male flies in which neurons expressing Orco were ablated using DTi. 
B. Courtship of male flies lacking olfactory organs was also supressed in the presence of 333 ng/fly of the natural 
stereoisomer (R,Z,Z)-CH503. *p<0.05 and **p<0.001, Fisher exact probability test. Error bars depict 95% 
confidence intervals, with upper and lower limits, corrected for continuity. The shaded blue band represents the 
courtship levels of wild type CS flies towards CH503 perfumed females, while the shaded grey band represents 
the courtship levels of CS flies towards hexane perfumed targets. N=20-30. 
 
3.5.3. CH503 is detected by gustation, not olfaction 
To further investigate if CH503 is detected as an olfactory or gustatory cue, the behavior of 
flies from which the olfactory organs (antennae or maxillary palps) were surgically removed 
was tested. While courtship behavior towards unperfumed females was slightly decreased 
relative to intact flies, a significant suppression in courtship behavior was still observed in the 
presence of CH503-perfumed females (Figure 3A and 3B). It is also apparent that in the 
absence of antennae flies exhibit a lower baseline level of courtship, which is perhaps due to 
the fact that the antennae detect volatile aphrodisiac pheromones emanating from a female fly. 
This made it difficult to conclude especially based on the trials with (R,Z,Z)-CH503 perfumed 
female flies alone, whether flies lacking antennae had a strong defect in detecting the 







































































had been ablated showed a significant suppression of courtship towards CH503-perfumed 
targets. These results indicate that the olfactory organs and the olfactory and ionotropic 
receptor neurons they house might not significantly contribute to the detection of CH503 and 
supports the likelihood of CH503 being detected by contact chemoreceptors. The specific role 
of gustatory modalities in mediating CH503 detection was identified using the proboscis 
extension reflex assay and by studying mutants defective in perceiving tastes, as described in 



















3.5.4. MEASURING A TASTE RESPONSE TO CH503 USING THE PROBOSCIS 


























































































Figure 4. CH503 inhibits the sucrose induced appetitive Proboscis extension response. 
A. 500 ng, 50 ng and 5 ng of (S,Z,Z)-CH503 were used to stimulate the foreleg of male flies together 
with 4% sucrose. (S,Z,Z)-CH503 stimulation of the foreleg causes a suppression of the proboscis 
extension (N=40). B. Stimulation of the male foreleg with 2 µg, 1.5 µg or 0.5 µg of (R,Z,Z)-CH503 
together with 4% sucrose, causes a suppression of the proboscis extension reflex (N=18). C. CH503 does 
inhibit the PER of female flies (N=25). 
 
 3 µg 7- Tricosene and 100 mM Caffeine were also observed to inhibit PER, in all experiments (A-D). 
The number of flies found to show a PER were compared to the number of flying showing a PER to 4% 
sucrose and analyzed using the Fisher exact probability test Fisher exact probability test-
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The relatively high molecular weight of CH503 and its low volatility indicated that it is likely 
to be perceived as a tastant. To test this possibility, a proboscis extension reflex (PER) assay 
was used to measure a gustatory response. The foreleg of both male and female flies contains 
neurons that respond to sugars and bitter substances. Application of 5-500ng doses of the 
synthetic stereoisomer (S,Z,Z)-CH503 to the male foreleg, resulted in the PER suppression in 
a significant number of flies (Figure 4A). Upon exposure of the forelegs to 0.5-2.0 µg of 
(R,Z,Z)-CH503 together with 4% sucrose, the number of male flies showing the PER decreased 
in a dose-dependent manner (Figure 4B). (R,Z,Z)-CH503 was also able to effectively inhibit 
the PER of male flies at a dose of 50ng. However, unlike the more potent stereoisomer (S,Z,Z)-
CH503, at a dose of 5ng, its inhibitory effects on the PER were relatively weaker (Figure 4C). 
Other known aversive substances such as (Z)-7-tricosene or caffeine also suppressed the PER. 
The results suggest that male flies detect CH503 with their forelegs as an aversive substance. 
In contrast, females did not exhibit a change in proboscis extension response when exposed to 
CH503 indicating that either CH503 was not detected or that it is has no negative valence for 
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Figure 5. Characterization of the expression pattern of Voila1 and study of the behavioral response of Voila1/TM3 
hemizygous mutants to CH503 perfumed courtship targets. A-D. Expression of GFP in Voila1/TM3 [Kr-GFP] 
flies shown on the right panel of each figure, comparative bright field images are shown on the left panel. Voila1 
is expressed in gustatory organs such as the wing margin (A), the foreleg of males (B), the foreleg of females (C) 
and the proboscis (D). E.Voila1/TM3 hemizygous mutants show decreased and non-significant (ns) response to 
CH503, p>0.05, Fisher exact probability test. Error bars depict 95% confidence intervals, with upper and lower 
limits, corrected for continuity.  
Figure 5F. Comparison of the CH503-induced, courtship inhibition differences of flies impaired for smell and 
taste. Courtship inhibition difference (effect sizes) of male D. melanogaster lacking antenna, maxillary palps and 
the Orco>DTi, Voila1/TM3 genotypes, towards female courtship targets perfumed 83 ng/fly of (S,Z,Z)-CH503. 
The courtship inhibition difference was obtained by subtracting the courtship initiation (%) observed for the 83 
ng /fly dosage from the courtship initiation (%) for hexane control (0 ng CH503), the result was then represented 
as a decimal. Error bars- 95% confidence intervals. 



































































Voila1 was previously characterized to be necessary for the development of gustatory organs 
in both larval and adult stages (Figure 5A) (Balakireva et al., 2000; Balakireva et al., 1998). 
Voila1/TM3 mutant males courted virgin females and other males with increased vigor 
(Balakireva et al., 1998), while mutant larvae do not show a physiological response to sugar or 
NaCl (Balakireva et al., 1998), suggesting that Voila1/TM3 mutants display defects related to 
the perception of gustatory pheromones and general tastants. To further test that CH503 is 
perceived as a gustatory cue, the behavioral response of  Voila1/TM3 hemizygous mutants was 
tested towards female courtship targets perfumed with a 83 ng/fly dose of (R,Z,Z)-CH503. A 
significant number of Voila1/TM3 males courted perfumed targets. The percentage of 
Voila1/TM3 males courting females in the presence of CH503 was found to be non-significantly 
different relative to the percentage of males courting hexane perfume targets (Figure 5B). Thus, 
it is likely that the Voila1 gene mutation, results in a decrease in the ability of flies to perceive 
CH503. Based on the courtship inhibition difference (Figure 5F),  it is apparent that for flies 
lacking the major olfactory organs and Or83b>DTi, CH503 had a medium-large sized effect 
on courtship ranging from 0.4-0.6. For, Voila1/TM3 flies, the courtship inhibition difference 
was relatively smaller approximately 0.2, suggesting that CH503 had a stronger inhibitory 
influence on flies lacking olfactory organs. These results together with suppressive effects of 
CH503 on the appetitive PER of male flies, suggest that CH503 is a gustatory pheromone 











3.5.6. (R,Z,Z)-CH503 IS DETECTED BY GR68A NEURONS  
Figure 6A. Screen of foreleg specific Gustatory receptor neurons: Transgenic male flies of the given genotype 
were tested in courtship assays with tester female flies perfumed with 83 ng of a synthetic stereoisomer of CH503- 
(S,Z,Z)-CH503. The shaded blue band represents the courtship levels of wild type CS flies towards CH503 
perfumed female. Courtship initiation was significantly suppressed in all the transgenic lines tested, p<0.001, 
except Gr68a>Gr68a RNAi that showed a reduced and non-significant p>0.05 response to CH503. Statistical 
significance was determined using a Fisher exact probability test -***p<0.0001, **p<0.001 and *p<0.05.  
 
Figure 6B. Courtship inhibition differences (effect sizes) of male D. melanogaster of the indicated genotypes, 
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To identify the subset of neurons on the male foreleg involved in the detection of (R,Z,Z)-
CH503, transgenic flies in which each of the 19 known foreleg-specific gustatory receptors is 
functionally suppressed were tested (Ling et al., 2014). The GAL4/ UAS transgene system was 
used to drive expression of a pro-apoptotic gene, UAS-reaper, or to transcriptionally silence 
gustatory receptor genes with RNA interference (RNAi) under the control of putative 
promoters for each of the receptors. The behavior of each of these lines was tested in courtship 
assays using female targets perfumed with the synthetic stereoisomer (S,Z,Z)-CH503. The 
(S,Z,Z)-CH503 stereoisomer is more potent than naturally occurring (R,Z,Z)-CH503 both in 
courtship assays (Shikichi et al., 2013b) and PER (Figure 4C ) and was chosen for preliminary 
screening to lower the possibility of false positives. Males from fifteen of the tested lines 
displayed suppressed courtship behavior and a large courtship inhibition difference ≥ 0.4, in 
the presence of CH503-perfumed females compared to non-perfumed controls (Figure 6A and 
6B). Three genotypes namely- Gr66a>Rpr, Gr28b.c>Rpr and Gr28b.d>Rpr displayed very 
low baseline courtship level and thus the calculated courtship inhibition difference for these 
lines were small ~0.1, hence their contribution to CH503 detection was difficult to discern. The 
low baselines levels are probably due to the fact that some of these gustatory receptors e.g. 
Gr66a, might potentially have a courtship promoting function. Gr66a neurons were previously 
shown to were previously reported to respond physiologically to 7-tricosene (Lacaille et al., 
2007) and are coexpressed on the labellum with Gr39a, a receptor implicated in aphrodisiac 
pheromone perception (Watanabe et al., 2011). The Gr28b.d receptor has been ascribed a 
thermosensory function, and its role in courtship behavior, if any, remain unclear (Ni et al., 
2013).  
However, males in which expression of Gr68a receptor mRNA was knocked down did not 
show significant courtship inhibition in the presence of (S,Z,Z)-CH503 (Figure 6). 63% of the 





A similar response was found when males were tested with the natural pheromone at 333 ng/fly 
dose using two independent GAL4 driver lines (Figure 7). These results suggest that Gr68a-
expressing neurons are likely to mediate CH503 detection and that the pheromone response is 
specific to the Gr68a receptor.  Given that the effects of RNAi on gene expression are known 
to be incomplete and to further test the role of Gr68a, the response of a Gr68a mutant, ΔGr68a, 
in which the Gr68a gene was knocked out using targeted ends in homologous recombination 
was tested. ΔGr68a male flies vigorously courted female targets perfumed with CH503. 
Gr68aRes males in which the Gr68a gene had been reintroduced, restored the sensitivity of flies 
to CH503 (Figure 7A). ΔGr68a males also showed no significant inhibition of the PER 
response when tested with 0.5µg and 2µg of (R,Z,Z)-CH503. The PER response was inhibited 
in a significant number of Gr68aRes males (Figure 8). The results suggest the Gr68a neurons 
are necessary for CH503 detection. 
To determine whether activation of Gr68a-expressing neurons was sufficient to induce the 
courtship avoidance response, a conditionally activated cation channel Drosophila TrpA1 
(dTrpA1) was expressed. In the absence of unperfumed female targets, a slight but non-
significant suppression in courtship behaviour was observed at the activation temperature of 
29 °C compared to the inactive conditions at 19 °C (Figure 9). Thus, activation of Gr68a-
neurons does not suppress courtship, possibly due to conflicting signals resulting from mutual 














Figure 7A. Knockdown of Gr68a or deletion of Gr68a reduces sensitivity to CH503. The expression of the Gr68a 
receptor was reduced with a Gr68a RNAi transgene using two different Gr68a GAL4 drivers- Gr68a1 and Gr68a2 
or by deletion of the Gr68a gene-ΔGr68a. The percentage of Gr68a>Gr68a RNAi or ΔGr68a male flies initiating 
courtship towards CH503 perfumed females was not significant (ns) when compared to those courting hexane 
(control) perfumed targets using a Fisher exact probability test-p>0.05. The response to CH503 was restored in 








































































Figure 7B. Courtship inhibition difference (effect sizes) of male D. melanogaster of the indicated 
genotypes, towards female courtship targets perfumed 333 ng/fly of (R,Z,Z)-CH503. Error bars- 95% 








Figure 8. Deletion of Gr68a does not induce a suppression of the appetitive PER to CH503. CH503 evokes a 
suppression of the PER towards 4% sucrose in WT flies. However, upon deletion of Gr68a, the PER was induced 
in a significant number of ΔGr68a male flies tested. Suppression of the PER response was observed for Gr68aRes 
males. The PER for both of ΔGr68a and Gr68aRes males was suppressed upon stimulation with caffeine. The PER 
response to (R,Z,Z)-CH503 and caffeine was compared to the PER observed towards 4% sucrose alone using the 




Figure 9. Artificial activation of Gr68a neurons with TrpA1. Inducing the activity of the TrpA1 cation channel at 
29° C, is not sufficient to supress courtship towards virgin females. The number of males courting targets at 29° 
C (TrpA1 active) is not significantly different from the number of male courting virgin females at 18° C (TrpA1 











































































3.5.7. EXPRESSION PATTERN OF GR68a.  
 
To visualize the expression of Gr68a, we drove expression of a membrane-tethered green 
fluorescent protein molecule (UAS-mCD8-GFP) using Gr68a-GAL4 (Figure 10). In the 
peripheral gustatory organs, GFP could be seen in the forelegs and hindlegs of both male and 
female flies (Figure 10). More Gr68a neurons were labelled in males in comparison to females 
(Table). In the nervous system, GFP could be visualized in the suboesophageal zone and the 
antennal mechanosensory and motor centre (AMMC). Positive GFP signal was also evident in 
non-neuronal cells enveloping some of the male specific Gr68a neurons (Figure 10). To 
confirm that CH503 detection is mediated by only by Gr68a neurons, the pan neuronal driver 
Elav-GAL4 was used to drive expression of UAS-Gr68a RNAi only in neurons. Elav-GAL4; 
UAS-Gr68a RNAi males showed a reduced response to CH503 (Figure 6). The results 
recapitulated those obtained with the Gr68a-GAL4 driver, indicating that support cell-
expressed Gr68a is unlikely to play a role in CH503 detection.  
 
 
Table 1. Average number of GFP-positive cells in male and female foreleg segments 
labelled using Gr68a-GAL4. 
 
  
. 1 Averaged count (±SD) from 12 flies. 
 
 T11 T2 T3 T4 T5 total 
♂ neurons 2 ± 1 2 ± 1 3 ± 1 2 ± 1 
0  (9/12 
flies) 
9 ± 1 
♀ neurons 2 ± 1 1 ± 1 2 ± 1 1 ± 1 
0 (11/12 
flies) 
6 ± 2 
♂ non-neural 
cells 
2 ± 1 3 ± 0 2 ± 0 1 ± 0 0 8 ± 1 
♀ non-neural 
cells 
























Figure 10: Expression pattern of Gr68a GAL4. A. Male foreleg showing expression in neurons and non-neuronal 
cells (white arrow). B. Female foreleg showing expression in neurons. C and D. Gr68a neurons project to the 
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Figure 11. The response profile of Gr68a neurons to CH503. A. Schematic of the male foreleg depicting the 
relative positions of the Gr68a gustatory neurons used in the imaging studies, along the second, third and fourth 
tarsal segments (TS). Green ovals represent individual neurons and the yellow shape depicts glia surrounding 
some of the Gr68a neurons. B. Response of Gr68a neurons to (R,Z,Z)-CH503 and C. Response of Gr68a neurons 
to (S,Z,Z)-CH503. The identity of the specific cells used in the imaging experiments is represented on the x-axis. 
The response of each of these cells is quantified in terms of the relative change in fluorescence ΔF/F, shown on 
the y-axis. n=2-13 for every cell type, for all the tested dosages. Error bars depict 95% confidence intervals. The 
average ΔF/F in response to CH503, was compared to the average ΔF/F of the cell to 0.1% PBST using a t-test, 





























































































Table 2. Sample sizes for calcium imaging experiments (Figure 11) 
To measure cellular activity associated with CH503 detection, in-vivo calcium imaging was 
performed by expressing the calcium sensor GCaMP5 under control of the Gr68a-GAL4 driver. 
The response of 9 different Gr68a neuronal cell types spatially positioned on the second, third 
and fourth tarsal segments of the male foreleg was imaged (Figure 11A).  The strongest 
fluorescence change (ΔF/F) was observed with a bath-applied dose of 500 ng of (R,Z,Z)-
CH503, close to the minimum dosage required to elicit a behavioral response (Figure 11B). At 
this dose, 7 of the cells in segments 2-4 showed significant responses compared to the control 
solvent. At a dose of 50 ng, only one 1 out of the 9 cells (TS- 4, cell a) showed a significant 
calcium response, with an average ΔF/F of 1.5±- 0.4. Gr68a-expressing neurons also responded 
to the synthetic stereoisomer (S,Z,Z)-CH503 over the same range of doses (Figure 11C).  
Interestingly, each tested stereoisomer elicited distinct neuronal responses in terms of dynamic 
range and response pattern. A dose-sensitive response was observed in 7/9 Gr68a neurons to 
the natural pheromone while responses to (S,Z,Z)-CH503  peaked at 50 ng for 5/10 cells. In 
addition, the natural stereoisomer (R,Z,Z)-CH503 elicited a phasic response from 20/31 Gr68a 
neurons: a maximum change in fluorescence was observed immediately after addition of the 
pheromone, after which the signal gradually decreased, returning to baseline levels after 6 
seconds, while 11/31 neurons showed a tonic response where the fluorescence intensity of cells 
gradually increased and peaked after 120 seconds, near the end of the experimental trial (Figure 
 CELL A  CELL C  CELL D  CELL O CELL X  CELL Z  CELL F   CELL G  CELL H  
0.1% PBST 4 17 6 7 11 4 7 8 4 
50 ng (R,Z,Z)-
CH503 
5 5 4 8 11 5 8 8 6 
500 ng 
(R,Z,Z)-CH503 
4 6 6 6 7 6 6 5 4 
50 ng (S,Z,Z)-
CH503 
4 9 4 2 3 7 2 2  
500 ng (S,Z,Z)-
CH503 





14C). In contrast, the synthetic stereoisomer (S,Z,Z)-CH503 evoked a tonic response from a 
large number of cells. 
Stimulation with a synthetic CH503 analog containing a single double bond did not elicit a 
change in fluorescence (Figure 12 and 13). Additionally, CH503-induced fluorescence change 
was also not observed in Gr68a-GAL4; UAS-RNAi flies or in ΔGr68a mutants (Figure 14 and 
15). The response of Gr68a neurons from the female foreleg to 50 ng of (S,Z,Z)-CH503 was 
also measured (Figure 16A). A significant fluorescent increase was not detectable in any of the 
female neurons (Figure 16B). This result is consistent with our finding that (R,Z,Z)-CH503 
does not inhibit the appetitive PER to sucrose in female flies.  Taken together, the Gr68a 
receptor is functionally activated by CH503 and this activity is specific to males. 
Relevance of Gr68a neuron physiological responses to mating behavior 
The majority of Gr68a neurons responded to CH503 at a 500 ng dose, an amount consistent 
with the behaviorally active dose. However, the quantity that is transferred to the female during 
courtship is approximately 60–100 ng based on semi-quantitative mass spectral analysis of 
recently mated females. Why is there a discrepancy between the amount that is needed for 
biological activity and the amount that is transferred? It could be that the presence of cVA, 
another anti-aphrodisiac, reduces the necessity for a large amount of CH503 or that each 
molecule synergizes the efficacy of the other. Additionally, recent findings indicate that male 
D. melanogaster have adapted to become less sensitive to CH503 to circumvent the courtship 
inhibitory response (Ng et al., 2014). While ∼80 ng is sufficient to inhibit male courtship in 
other non-CH503 producing drosophilid species, D.melanogaster males (and males of other 
species that express CH503) have become less sensitive to the molecule in order to avoid 
chemical coercion from other males (Ng et al., 2014). Thus, it is not surprising that males are 







Figure 12. Physiological response of Gr68a to (R)-3-acetoxy-11-octacosen-1-ol, the behaviourally inert analog of 
(R,Z,Z)-CH503. The analog did not elicit a significant increase in ΔF/F, from any of the cells assayed in 
comparison to controls, p>0.05, t-test, for all cases. Error bars represent 95% CI. N=2-10 for every cell that was 
imaged 
 
Figure 13. Physiological response of Gr68a neurons to (S)-3-acetoxy-11-octacosen-1-ol. No significant change in 
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Figure 14. Physiological response of Gr68a > Gr68a RNAi flies to (R,Z,Z)-CH503. Expression of an UAS-Gr68a 
RNAi transgene, to knock down levels of the Gr68a gustatory receptor, causes a reduction in the response towards 
500 ng of (R,Z,Z)-CH503. ΔF/F for most cells treated with (R,Z,Z)-CH503  was non-significant, in comparison 





Figure 15. Physiological response of ΔGr68a flies to (R,Z,Z)-CH503. ΔF/F for most cells treated with (R,Z,Z)-
CH503  was non-significant, in comparison with the ΔF/F to 0.1% PBST, p>0.05, t-test. N=2-10 for each cell 
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Figure 16. A. Schematic of a female foreleg showing the position of Gr68a neurons. B&C. Response of Gr68a 
neurons on the female foreleg to (S,Z,Z)-CH503. Female specific neurons do not show a significant change in 
ΔF/F, upon stimulation with CH503, compared to the response of the cells to buffer alone. p>0.05 for all cells 
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3.5.9. THE ROLE OF ppk23 NEURONS IN CH503 DETECTION. 
Recently, a large group of Fruitless positive neurons, expressing the ion channel ppk23 were 
shown to respond physiologically to a number of non-volatile gustatory pheromones of D. 
melanogaster (Thistle et al., 2012). To determine if ppk23 neurons also show a physiological 
response to CH503, responses from GCaMP-expressing ppk23 neurons in the forelegs and 
labella of both male and female flies were measured. Upon stimulation with CH503, proboscis-
specific male ppk23 neurons (8/14 cells) showed a significant increase in ΔF/F, while none of 
the ppk23 neurons (0/14 cells) on the female proboscis showed a significant response (Figure 
17C). Ppk23 neurons typically responded in a phasic manner showing a maximum change in 
ΔF/F subsequent to pheromone addition, or with a bursting response showing large increases 
in ΔF/F that recurred frequently during the time course of the experiment (Figure 18C).  
The foreleg ppk23 neurons were stimulated with 50 ng of the synthetic stereoisomer (S,Z,Z)-
CH503, 500 ng of (R,Z,Z)-CH503 and further tested the specificity of the response by 
stimulating the neurons with 50 ng of the synthetic analog (S)-3-acetoxy-11-octacosen-1-ol, in 
separate experimental trials (Figure 17B and C). Out of the 16 cells that were imaged, only 8 
cells  showed a specific and significant increase in ΔF/F ranging from approximately 0.5 to 3 
in response to (S,Z,Z)-CH503. Four cells showed a specific response ranging from 0.25 to 4.25 
in response to 500 ng of the natural stereoisomer (R,Z,Z)-CH503, in comparison to the response 
of the cells to solvent control . Three cells showed a significant increase in ΔF/F varying from 
1.5 to 4.0, to the synthetic analog.  
Most ppk23 neurons typically showed a bursting response showing large increases in ΔF/F that 
recurred frequently during the time course of the experiment (Figure 18B). There was however 
very high animal-animal variability in terms of the time course of the neuronal response and 






Figure 17. A. Schematic of the more foreleg depicting the relative positions of the ppk23 gustatory neurons used 
in the imaging studies, along the second, third and fourth tarsal segments (TS). B. Ppk23-expressing neurons on 
tarsal segments TS2-5 were stimulated with 50 ng of (S,Z,Z)-CH503, an equivalent dose of the behaviourally-
inactive analog (S)-3-acetoxy-11-octacosen-1-ol, or 500 ng of (R, Z, Z)-CH503. Several cells in each segment 
displayed a robust response to the stereoisomers and analogs. The average ΔF/F in response to CH503, was 
compared to the average ΔF/F of the cell to 0.1% PBST using a t-test, *p<0.05, **p<0.001, ***p<0.0001. Error 
bars represent 95% CI. C. Physiological response of ppk23 neurons on the proboscis. 500 ng of (R,Z,Z)-CH503 
was applied to the proboscis of male and female flies. The average ΔF/F calculated from male specific ppk23 was 
found to be significantly higher, p=0.012, t-test in comparison with the response of the neurons to 0.1% PBST. 
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Figure 18. A. A color-coded time course from 0 – 96 sec of the CH503-evoked Ca2+ signal in Gr68a-expressing 
neurons. In this example of a tonic response, the fluorescence intensity increases gradually over time and is 
sustained for at least 96 s. The positions of the neurons on the foreleg are shown in the raw fluorescent image. 
 B. A color-coded time course from 0 – 96 sec of the CH503-evoked Ca2+ signal in ppk23-expressing neurons in 
the male foreleg. The cells exhibit a bursting response consisting of fluorescence intensity increasing at periodic 
intervals for the duration of the recording. The positions of the neurons on the foreleg are shown in the raw 
fluorescent image.  
C. A color-coded time course from 0 – 96 sec of the CH503-evoked Ca2+ signal in ppk23-expressing neurons in 
the proboscis.  Heterogeneity in response times is apparent amongst the different cell types with some cells 
responding intensely at 6.4 s and others only ~88 sec after CH503 application. The positions of the neurons on 
the proboscis are shown in the raw fluorescent image.  













Figure 19. RNAi mediated knockdown of ppk23 or ppk25 does not alter sensitivity to CH503. The expression of 
the ppk23 and ppk25 ion channels were reduced with a ppk23/ppk25 specific RNAi transgene, using ppk23 and 
Elav GAL4 drivers respectively. The response of ppk23 gene deletion mutants (Δppk23) was also tested. A. The 
percentage of or male flies initiating courtship towards CH503 perfumed females was compared to those courting 
hexane (control) perfumed targets using a Fisher exact probability test-*p<0.05, N=15-17. B. Courtship inhibition 
difference  (effect sizes) of male D. melanogaster of the indicated genotypes, towards female courtship targets 
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Because CH503 evoked GCaMP response in ppk23 neurons, I tested the courtship behavior of 
ppk23 mutants in response to the pheromone. However, knockdown of ppk23 expression by 
RNAi did not change the courtship inhibition response in the presence of CH503 (Figure 19). 
Recombinant mutants in which the ppk23 gene is deleted (Δppk23; (Thistle et al., 2012)) 
exhibited extremely low baseline levels of courtship with unperfumed females (less than 10%). 
Thus, it was not possible to discern whether CH503 induced any courtship inhibition effects. 
A second member of the ppk family, ppk25, was recently shown to be involved in pheromone 
detection (Vijayan et al., 2014). Knockdown of ppk25 expression (Elav-GAL4; UAS-ppk25 
RNAi) showed a less robust response to CH503 (p=0.05, Fisher exact test; Figure 19).  
These results do not eliminate the possibility that ppk-23/25-expressing neurons may 
contribute to mediating the CH503-inhibitory response; however, the activity of the cells by 












3.5.10 IDENTIFICATION OF HIGHER ORDER NEURONS INVOLVED IN CH503 
DETECTION. 
The Gr68a-GAL4-labelled neurons send axonal projections to each of the 6 thoracico-
abdominal (TAG) neuromeres and extend into the subesophageal zone (SEZ) and the antennal 
mechanosensory and motor centre (AMMC) (Figure 4A). To identify second order neurons 
relaying information from the SEZ as well as neural circuits in the central brain involved in the 
CH503-related behavioral response, we used 22 GAL4 drivers to ablate or silence discrete 
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70 37 0.0167 
Bloomington 
#30827 
2-72  EB UAS-shits1 88 36 0.019 U. Heberlein 
MB247 MB, EB UAS-shits1 61 33 0.042 
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#50742 




63 28 0.0144 
Bloomington 
#30818 
c061   PC,FB,MB UAS-shits1 64 18 0.027 Pan et al., 2012 
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82 14 <0.0001 
www.fly-
trap.org 
c305 MB UAS-shits1 46 0 0.032 
Bloomington 
#30829 
OK107 MB UAS-shits1 40 0 0.005 
DGRC 
#106098 
Tdc2 TA and OCT cells 
UAS-
dORKΔC 
82 27 <0.0001 
Bloomington 
#9313 







1EB: ellipsoid body; SEZ: suboesophageal zone; PC: protocerebrum; VNC: ventral nerve cord; MB: mushroom 
body; CX: central complex; AL: antennal lobe; PI: pars intercereberalis; TG: thoracic ganglion; FSB: fan-shaped 
body; 5HT: serotonin; TA: tyramine; OCT: octopamine; DA: dopamine 
2Percentage of courting pairs, n= 8-22 for each condition.  
3Results observed at restrictive temperature (29 °C ) for GAL4>UAS-shits1 or 25 °C for GAL4>UAS-dORKΔC 
genotype. 
4Fisher exact probability test, one-tailed; ns: not significant; CV: courtship vigor 
5Pan, Y., Meissner, G.W., and Baker, B.S. (2012). Joint control of Drosophila male courtship behavior by 
motion cues and activation of male-specific P1 neurons. Proc Natl Acad Sci U S A 109, 10065-10070. 
 
 
Four GAL4 drivers were identified in which suppression of neural activity using either UAS-
dORKΔC, an inward rectifying potassium channel, or UAS-hid, a pro-apoptotic gene, resulted 
in males exhibiting a decreased sensitivity to CH503 (Figures 20 and 21). Amongst the 4 GAL4 
lines, NPF-GAL4, which is specific to the Neuropeptide F circuit (Wen et al., 2005) and c929 
GAL4 (Hewes et al., 2003), a general neuropeptide driver were further examined as they 
labelled fewer neurons. Visualization of the expression patterns of the two GAL4 drivers 
revealed neuronal projections in the thoracic ganglion in addition to central brain regions 
(Figure 22). To rule out the contribution of thoracic ganglion neurons, we co-expressed a Tsh-
Gal80 transgene which limits GAL4 activity to the central brain. Both Tsh-Gal80, NPF -GAL4, 
UAS-Hid males as well as Tsh-Gal80, c929 GAL4, UAS-dORKΔC flies displayed high 
courtship and low courtship inhibition difference towards CH503-perfumed targets (Figures 21 
and 22). These results suggest that NPF and c929 neurons are required for CH503 detection.  
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Figure 21. Screen to identify CH503 processing circuits .The percentage of  Tsh-Gal80, NPF GAL4, UAS Hid male flies 
courting female courtship targets perfumed with 333 ng of (R,Z,Z)-CH503 was found to be non-significant, p>0.05, Fisher 
exact probability test. N=14. The percentage of  Tsh-Gal80, c929 GAL4, UAS dORKΔC male flies courting female courtship 
targets perfumed with 333 ng of (R,Z,Z)-CH503 did not differ significantly from the percentage of male flies courting controls, 
p>0.05, Fisher exact probability test. n=23-25. However, for the parental controls, dORKΔC/+, NPF/+ and hid, stinger/+, a 
significant response to CH503 was observed-. **p<0.001, ****p<0.00001, Fisher exact probability test. N=14-26. Error bars 





























































Figure 20. Screen to identify CH503 processing circuits. Ablation or silencing neural circuits associated with NPF, c929, c819 and 
c161y GAL4 drivers resulted in a decreased response to CH503. Male flies of the genotypes indicated on the y-axis, showed a reduced 
response to female flies perfumed with 83ng of (S,Z,Z)-CH503. The percentage of male flies initiating courtship towards perfumed 
targets was found to non-significant, p>0.05, Fisher exact probability test, in comparison to the percentage of flies initiating courtship 
































Figure 22. Courtship inhibition difference (effect sizes) of male D. melanogaster of the indicated genotypes, 














NPF > hid tsh-GAL80, NPF > hid c929 > dORKΔC tsh-GAL80, c929 > 
dORKΔC
C 
Figure 23. Expression patterns of NPF GAL4 and c929 GAL4 
neuronal circuits in the adult male fly brains:  
A. In the CNS, NPF neurons project to the TAG, the SEZ and 
the CX.  
B. Within the central brain, NPF positive projections are seen in 
the SEZ, VLP, FB, and DLP.  
C. c929 cell bodies are found in the SEZ and project to the pars 
intercerebralis (PI). C929 neurons are also seen in the VLP. 
Scale bar A: 25 μm; B and C: 50 μm. 































Figure 24.  Components of the NPF signalling pathway are not involved in CH503 detection.  
A. RNAi mediated knockdown of NPF using a pan-neuronal Elav-GAL4 driver does not significantly 
alter the sensitivity of male flies to CH503. **p<0.001, Fisher exact probability test.. 
B. NPFR neurons are not involved in CH503 detection. NPFR>Shibire(ts) males significantly respond 
to CH503 perfumed females both at the restrictive temperature of 29°C and the permissive temperature 















































































Figure 25. Courtship inhibition difference (effect sizes) of male D.melanogaster of the indicated genotypes, 
towards female courtship targets perfumed 83ng/fly of (S,Z,Z)-CH503. Error bars- 95% confidence intervals. 
 
We went on to determine if Neuropeptide F may itself have a neuromodulatory effect on the 
CH503 detection circuit. Knockdown of the NPF transcript using UAS-NPF-RNAi under 
control of Elav GAL4, did not change the courtship inhibitory response in males (p<0.01, 
Fisher’s exact test) with a medium effect size ~ 0.45. Silencing of the neuronal circuits 
associated with the NPF receptor, NPFR, also did not change the male response to CH503 
(Figure 24 and 25). These results indicate that the CH503 detection circuit is not modulated by 
components of the NPF signalling pathway.  
Tachykinin-expressing cells represent a second higher order neural circuit that mediates 
CH503-induced courtship suppression. We observed a significantly altered response in males 
both to the natural pheromone (Figure 26A & C) and the more potent (S,Z,Z)-CH503 
stereoisomer (Figure 26B) following genetic cell ablation or functional suppression of TK-
expressing cells. The results were consistent using two independent TK-Gal4 drivers which 
label overlapping but not identical cell populations. Ablation of the TK1 circuit had a medium 








































sized effect on courtship inhibition ~ 0.1 (Figure 26D). Genetic excision of the TK gene also 
caused a striking loss of sensitivity to CH503, with a small courtship inhibition difference ~0.1 
(Figure 26C &D). The phenotype was rescued upon ectopic expression of TK in the mutant 
background, effect size ~0.4 (Figure 26E &D). Thus, in contrast to our findings with the NPF 
peptide, the product of the TK gene is necessary for mediating the behavioral actions induced 
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Figure 26. Ablation of TK-expressing circuits using two independent GAL4 drivers (TK2 and TK3), but not TK1 
removed sensitivity to CH503. Homozygous or trans-heterozygous ΔTK deletion mutants exhibited loss of 
sensitivity to CH503. (Figures A &C). RNAi-mediated knockdown of TK only in central NPF-GAL4 or c929 
GAL4 circuits abrogates the CH503-induced courtship suppression response. Conditional knockdown of TK only 
from late pupal stage onwards (25 °C permissive temperature, TK-RNAi expressed) elicits the same phenotype. 
At the 18 °C restrictive temperature (TK-RNAi not expressed), flies continue to respond to the pheromone (Figure 
B). Restoring TK expression only in the NPF-GAL4 circuit does not rescue the phenotype – flies show no response 
to CH503. Knockdown of TK expression in olfactory receptor neurons using Or83b-GAL4 had no effect on CH503 
detection.  N=19-31. (Figures B & E). ****p<0.00001, ***p<0.0001, **p<0.001, *p<0.05, ns-non-significant, 
p>0.05 - Fisher exact probability test. Courtship inhibition differences (effect sizes) of male D. melanogaster of 
the indicated genotypes, towards female courtship targets perfumed 333 ng/fly of (R,Z,Z)-CH503 (Figures D & 
F). Error bars- 95% confidence intervals.  
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We next asked whether the TK-positive cells involved in the processing of CH503 overlap with 
the NPF-Gal4 or c929-Gal4 circuit. Indeed, silencing TK expression only within either of these 
Gal4-defined populations resulted in a reduced response to CH503, with male courtship levels 
indistinguishable from those of the solvent-perfumed fly (Figure 26B and D). Conditional 
suppression of TK only from late pupal stage onwards (using temperature-sensitive Gal80) also 
produced the same phenotype, indicating that loss of CH503 sensitivity from TK knockdown 
is not due to non-specific developmental effects (Figure 26B).  
To examine the intersection of TK- and NPF-defined circuits, TK2-Gal4 labelled brains were 
stained with an antibody to NPF.  Co-expression in 4 cells was evident in the anterior 
ventrolateral protocerebrum (Figure 27A and B). However, 2 lines of evidence indicate that 
these 4 cells are not sufficient for mediating courtship suppression. First, on a TK mutant 
background, rescuing TK expression only within the NPF circuit did not restore the courtship 
suppression response, the courtship inhibition difference was less than 0.1. (Figure 26E& F). 
Second, the 4 NPF-TK cells are not labelled by TK3-Gal4, a second population of cells that 
was also found to contribute to CH503 detection. 
We next attempted to rescue pheromone sensitivity by replacing TK expression only within 
the c929-Gal4 circuit. In wild type flies, co-expression is evident in 10 cells in the SEZ, (Figure 
27C and D). Rescue of TK expression only in these 10 cells restored the pheromone response 
behavior in the ΔTK2 and ΔTK1/2 transheterozygote mutant background and the courtship 
inhibition difference was 0.15. (Figure 26E & F). Failure to rescue in the ΔTK1 background 
(courtship inhibition difference ~0.4) is likely due to a stronger mutant allele. Taken together, 
these results indicate that TK release from a cluster of 8-10 cells within the SEZ is necessary 
to mediate the response to the gustatory pheromone CH503. In addition, NPF-Gal4 and TK 








Figure 27. Co-localization of NPF and TK neuronal circuits 
A&B: Co-localization of anti-NPF immunostaining with TK2-GAL4 processes is observed in 
two pairs of bilateral cells in the ventrolateral protocerebrum (indicated by white arrows).  
C&D: Co-localization of anti-TK immunostaining with c929 GAL4 GFP expression. Co-
expression is observed in 6-8 cell bodies housed in the SEZ (white arrows). Scale bar: 50 μm. 

















To determine if there is synaptic connectivity between TK neurons and Gr68a processes, we 
used the GFP Reconstitution Across Synaptic partners (GRASP) method (Feinberg et al., 
2008). Complementary fragments of membrane-tethered GFP are expressed by Gr68a-Gal4 
and TK-Lex drivers. By themselves, the fragments are nonfluorescent. However, close 
apposition of the fragments reconstitutes a functional GFP molecule and in this way, labels 
sites of synaptic contacts. Positive GRASP-GFP staining was apparent in the SEZ (6 out of 10 
brains) and the AMMC (9 out of 10 brains), indicating connectivity (Figure 28). 
 
  
Figure 28. Synaptic connectivity between the Gr68a and TK neuronal circuits. 
A. Positive GRASP-GFP signal in the SEZ indicates synaptic connectivity between Gr68a 
neurons and TK processes. The GFP signal is overlaid on a phase-contrast image of the tissue 
(arrows). 
 B. Positive GRASP-GFP signal in the AMMC indicates synaptic connectivity between Gr68a 














Figure 29.  A model for gustatory perception in peripheral and central circuits. I propose that 
detection of CH503 is relayed from Gr68a-expressing neurons to the subesophageal ganglion 
(SEZ). NPF-labelled processes and other unidentified pathways transduce information to the 
TK-circuit. TK-positive cells within the NPF-Gal4 and c929-Gal4 defined circuits are essential 
for mediating the courtship response to the pheromone. Sensory cues directing other 
physiological drives such as aggression and hunger converge in the TK system and could 
modulate TK release. Gustatory information via the TK system might converge with input from 
other sensory modalities such as mechanosensation (via the AMMC) and olfaction (via the 
antennal lobe, AL) in the P1 courtship command centre. Relative positions of the NPF and TK 





                                                 CHAPTER 4: DISCUSSION 
In this study, CH503 was characterized as a male specific a non-volatile, gustatory anti-
aphrodisiac pheromone that is detected by contact chemosensation. Based on behavioural 
assays and calcium imaging, CH503 was found to activate the gustatory receptor Gr68a. The 
central brain circuits specific to the NPF-GAL4 and TK-GAL4 drivers are shown to be 
involved in the detection of CH503. Within the NPF circuit, a group of 14 cells in the lateral 
protocerebrum and the SEZ mediate the courtship-avoidance response to the pheromone 
CH503 through the release of the neuropeptide tachykinin.  
 
4.1 IDENTIFYING A ROLE FOR THE Gr68a RECEPTOR IN PHEROMONE 
DETECTION. 
This work describes how the recently discovered sex pheromone CH503 is detected by 
Drosophila melanogaster males. The Gr68a receptor was previously identified to play a role 
in mediating  male courtship behavior and has long been suggested to be a putative pheromone 
receptor (Bray and Amrein, 2003). From calcium imaging studies of Gr68a neurons on the 
male foreleg, I was able to measure a specific and dose dependent physiological response to 
(R,Z,Z)-CH503. The response to CH503 however, was found to be sexually dimorphic. A 
significant number of male specific Gr68a neurons showed a measurable increase in 
fluorescence upon stimulation with CH503, while none of the female specific Gr68a neurons 
showed a significant change in fluorescence intensity in calcium imaging assays. The response 
to CH503 at a physiologically relevant dosage is lost in Gr68a deletion mutants. Although the 
Gr68a receptor was previously to play a role in the detection of female pheromones in 
Drosophila (Bray and Amrein, 2003) , this study shows that Gr68a-impaired males do not 





the receptor is the male sex pheromone CH503. Several factors can account for these 
discrepancies. First, the courtship defect of Gr68a-impaired males is only evident in larger-
sized behavioural chambers (Ejima and Griffith, 2008). For this study, smaller chambers 
(=10 mm) were used compared to the previous study (30 mm; (Bray and Amrein, 2003)) 
hence masking the courtship defect. Second, Ejima and Griffith previously showed that Gr68a 
is necessary for relaying motion-related cues that stimulate courtship initiation while here, 
decapitated females were utilised as courtship targets. Third, the study by Ejima and Griffith 
made use of Gr68a>TNT flies, in which the Gr68a neuronal circuit was silenced. As Gr68a 
neurons project to the AMMC, and the SEZ, is possible that the observed courtship defects are 
because these regions possibly have a courtship promoting role. In the study described in this 
thesis, a Gr68a mutant, in which the Gr68a receptor was genetically eliminated, without 
perturbing the function of the associated neuronal circuit, due to which courtship defects were 
not observed. Thus, due to the experimental setup used in this study, it is possible that the role 
of Gr68a in CH503 detection could be studied independently, without confounding effects due 
to low baseline courtship levels or the mechanosensory/auditory function of Gr68a.  
 
4.2 HOW IS THE Gr68a RECEPTOR UNIQUE AMONGST OTHER GUSTATORY 
RECEPTOR TYPES?  
The expression of the Gr68a receptor is sexually dimorphic and it does not co-localize with 
any of the other identified gustatory receptors. In the male leg foreleg, Gr68a is expressed in a 
mixed population of chemosensory and mechanosensory neurons (Ejima and Griffith, 2008). 
Projections from these peripheral neurons are seen in the sub-oesophageal zone and the 
antennal mechanosensory centre in the central brain. This suggests a dual role for Gr68a in the 





rather than female pheromones may underlie the previously reported Gr68a-related courtship 
initiation defects. Taken together with the results of the current study, I propose that excitatory 
mechanosensory information is integrated with inhibitory CH503 detection via Gr68a and both 
types of sensory cues shape the decision to initiate and sustain courtship. This model is 
consistent with our findings that activation of Gr68a-neurons using TrpA1 did not promote 
courtship suppression. One possibility is that other chemosensory neurons for example those 
expressing ppk23 or the Gr22e gustatory receptors might also contribute to CH503 detection, 
and activation of all the CH503 sensitive neuronal populations with TrpA1, might be required 
to induce a significant suppression of courtship.  
Secondly, simultaneous activation of both courtship-promoting and suppressing channels 
likely resulted in an overall null response. Similar dual functioning neurons integrating aversive 
chemical avoidance with touch have been described in nematodes (Kaplan and Horvitz, 1993) 
and vertebrate nociceptor systems (Besson and Chaouch, 1987; Woolf and Walters, 1991).  
Could mechanosensory inputs also contribute to the detection of CH503? Based on our 
observation that CH503 does not function as a courtship inhibitory cue when placed outside of 
the context of the female cuticle, it is probable that other sensory cues might facilitate its 
detection. I tested if CH503 might function to inhibit courtship when placed on female 
courtship targets that lacked pheromone producing oenocyte cells. Even though the 
oenocyteless targets do not synthesize the aphrodisiac pheromones 7,11-heptacosadiene and 
7,11-nonacosadiene, these targets evoked courtship responses from a significant number of the 
tester males. In the presence of CH503 however, none of the testers courted the targets, 
suggesting that CH503 is functional as a courtship inhibitory cue even on oenocyteless females 
and that the diene pheromones are not essential for the detection of CH503. Given that the 
Gr68a receptor is also expressed in mechanosensory neurons, the touch of the female cuticular 





a population Fruitless P1 neurons were shown to be activated upon contact with the abdomen 
of a female fly. It might be interesting to see if the Gr68a circuits links to the Fru P1 circuit and 
if the two circuits interact to initiate courtship.  
In male foreleg, expression of the Gr68a receptor was evident both in neuronal and as well as 
non-neuronal cells surrounding neurons. Further, from the calcium imaging assays described 
in this study, non-neuronal cells showed a nonspecific and large change in fluorescence in some 
experimental trials both to CH503 as well as the control solvent. In light of our behavior 
experiments with Elav>Gr68a RNAi male flies, it seems likely that the response to CH503 
involves the activity of the Gr68a receptor expressed in neuronal tissue, and that the non-
neuronal cells may not contribute specifically to the detection of CH503. In the female leg 
expression was only observed in neurons that did not show a physiological response to CH503. 
This finding can be explained, if a previous observation by (Ejima and Griffith, 2008) is 
considered-that female specific expression of Gr68a is restricted to mechanosensory neurons 
that do not respond to chemical cues. It is apparent that the Gr68a receptor has evolved sex 
specific functions. Based on calcium imaging studies and the PER assay, It seems likely that 
in females, CH503 does not evoke an aversive response but the specific function of CH503, if 
any, in female flies is unknown at present.  
 
4.2.1 INTERACTION OF CH503 WITH Gr68a  
The nature of the ligand–receptor interaction is an open question in the absence of data from 
heterologous expression studies or structure–function analysis. Our observation that CH503 
induces courtship inhibition only when detected on female cuticles has several implications for 
the underlying mechanisms. Potentially, activation of Gr68a receptors found on other parts of 





assume courtship postures. Alternatively, concurrent detection of a co-factor residing on female 
cuticles might be required. Though our results show that hexane-soluble molecules on the 
cuticle are not needed, the possibility remains that cuticular peptides or proteins may help 
transduce pheromone detection. Previous work indicated that a pheromone binding protein, 
CheB42a, is found in the lumen surrounding Gr68a-neurons and is needed for detection of 
female pheromones (Park et al., 2006).While CheB42a mutants are still sensitive to CH503, 
other families of binding proteins may be used to detect female-specific signals that facilitate 
the activity of CH503. Lastly, tactile contact might beneeded together with chemosensory 
stimulation. Previously, Kohatsu et al. showed that in Drosophila, contact between the male 
foreleg and female abdomen was necessary to initiate courtship (Kohatsu et al., 2011). 
Abdomen contact induced transient activity in the transmidline interneuronsof the P1 neuron 
cluster, a designated ‘command center’ for courtship behavior that integrates input 
 
4.3 Gr68a AND PICKPOCKET NEURONS REPRESENT TWO DIFFERENT 
POPULATIONS OF GUSTATORY PHEROMONE SENSING NEURONS. 
Ppk23 and ppk25 are ion channels belonging to the DEG/ENaC family, that are expressed in a 
specialized class of gustatory neurons that were shown to be involved in the detection of a 
number of non-volatile, male and female specific cuticular hydrocarbons (Thistle et al., 
2012),(Toda et al., 2012) and (Vijayan et al., 2014). I tested if ppk23 neurons might also 
respond to CH503. Though, I was able to measure a significant physiological response to 
CH503 from subsets of ppk23 neurons on the male foreleg, the responses of these neurons 
seemed to be nonspecific because they also responded to a behaviourally inert analog of 
CH503. Male specific ppk23 neurons on the proboscis however, showed a specific and 





neurons found on the proboscis. With respect to courtship behavior, ppk23 deletion mutants 
exhibited very low levels courtship towards the control courtship targets and a significant 
percentage of Elav>ppk25 RNAi flies, did not court CH503 perfumed targets. Therefore, it is 
difficult to conclude based on the calcium imaging experiments alone, if ppk23 or ppk25 may 
play a significant role in CH503 detection. It also seems unlikely from previous studies that 
Gr68a neurons overlap with ppk23 or Fru positive neurons based on the following 
observations: 
1. Ppk23 neurons overlap with a significant number of Fru neurons on the foreleg (Thistle 
et al., 2012). 
2. Gr68a neurons are not expressed in the proboscis, while ppk23 neurons are expressed 
in the proboscis of both male and female flies (Thistle et al., 2012). 
3. Gr68a neurons project to both the AMMC and the SEZ, while ppk23 neurons arborize 
only in the AMMC.   
The Gr68a chemosensory neurons, thus represent another class of pheromone responsive 
gustatory neurons expressed on the legs of the male fly that seems to be primarily involved in 
the detection of CH503. Gr68a is likely to complement the function of the ppk neurons in the 
detection of the entire repertoire of known Drosophila melanogaster gustatory pheromones. It 
will be important to determine if information from these two peripheral pheromone detection 
pathways converges onto common secondary or tertiary processing centres in the central brain 








4.4 WHAT DO THE DIFFERENCES IN THE RESPONSE PATTERNS BETWEEN 
Gr68a AND ppk23 NEURONS SIGNIFY? 
Gr68a neurons showed a specific response to 50ng of (S,Z,Z)-CH503  and 500ng of (R,Z,Z)-
CH503. These dosages were also sufficient to induce courtship inhibition. Gr68a neurons, did 
not however, show a significant response to the analogs of CH503. The specificity of the 
response elicited by Gr68a neurons was confirmed, by demonstrating that Gr68a>Gr68a RNAi 
flies and ΔGr68a male flies do not respond significantly to CH503. Furthermore, female –
specific Gr68a neurons do not exhibit a robust increase in ΔF/F to CH503. In contrast, ppk23 
neurons showed a non-specific response to CH503. Different ppk23 neuronal types robustly 
responded to the stereoisomers as well as the structural analogs of CH503. Notably, only 
proboscis –specific ppk23 neurons elicited a significant increase in ΔF/F exclusively in males. 
Previous studies, have demonstrated that ppk23 neurons respond physiologically to a variety 
of gustatory  pheromones as well as cVA (Thistle et al., 2012).  Thus, it seems likely that ppk23 
neurons have evolved to generically respond to cuticular hydrocarbons. 
 Gr68a neurons largely showed a tonic response to (S,Z,Z)-CH503 and a phasic response to 
(R,Z,Z)-CH503, suggesting that they are sensitive to the stimulus type which in turn determines 
their ability to encode information about the duration of stimulus application. Possibly, (S,Z,Z)-
CH503 evokes a sustained (tonic) response as it is a stronger stereoisomer and binds to the 
Gr68a receptor with a higher affinity (Figure 1). In contrast, Ppk23 mostly exhibited a bursting 
type of response throughout the time period over which CH503 was applied (Figure 2). This 
suggests that ppk23 neurons can continuously gauge and respond to the presence of stimulants. 
It would be interesting to determine whether the three types of responses are encoded by 
receptors/ion channels or by the activity of a downstream signal transduction pathway and what 





Insights into the influence of tonic receptors on behavior has been gained from studies on the 
nematode worm C.elegans (Busch et al., 2012). In C.elegans, high concentrations of O2 are 
detected by tonic receptors on the URX and AQR sensory neurons. These neurons are activated 
upon prolonged stimulation with O2 that triggers the sustained release of calcium from L-type 
voltage-gated Ca2+ channels, ryanodine and the inositol-1,4,5-trisphosphate receptors. In 
response to the rising cytosolic levels of calcium, neuropeptides are released, which in turn 
increases the locomotor activity of worms, enabling them to move away from regions of high 
O2 levels (Busch et al., 2012).  
The phasic or bursting type of neuronal activity has been well characterized in rats and is 
evoked in place cells of the rat hippocampus, whenever the animal navigates through familiar 
locations in its environment. This type of firing response is believed to facilitate the formation 




























































































































































Response of a ppk23 neuron on TS-2 to 500ng (R,Z,Z)-CH503
↓ 
Figure 1. The line graph shows the tonic response from a Gr68a neuron to stimulation by 500 ng 
of CH503. The red arrow indicates the time point at which the stimulus was added. The peak 
response occurs at 120 sec. 
Figure 2. The line graph shows a bursting response from a ppk23 neuron to stimulation by 500 
ng of CH503. Red arrow indicates the time at which the stimulus was added. The peak response 






4.5 COMPARISON OF PHEROMONE SENSING GUSTATORY CIRCUITS TO 
CIRCUITS FOR OTHER TASTANTS. 
The fly can differentiate different classes of tastants namely sugars, water, salt, acidic and bitter 
compounds, and broadly, the activation of sugar responsive neurons enhances appetitive 
responses while activation of the bitter neurons, triggered by aversive substances induces 
rejection behaviours. The sugar and bitter sensing neurons project to separate region of the SEZ 
(Wang et al., 2004). The gustatory system of the fly also contains a unique population of 
pheromone responsive neurons. Do flies contain distinct loci within the SEZ that differentially 
process food and pheromonal cues? In the olfactory system of the fly there appear to be distinct 
regions in the higher brain responsible for processing the olfactory pheromone cVA and fruit 
related odors (Jefferis et al., 2007). Intriguingly the ionotropic receptor Ir84a, is activated by 
odors emanating from food, but relays information to the pheromone processing area within 
the lateral horn (Grosjean et al., 2011). Although, Gr68a and ppk23/ppk25 pheromone sensing 
neurons are not co-expressed with sugar or bitter sensing neurons at the periphery, it will be 
interesting to determine aphrodisiacs might be perceived as appetitive and anti-aphrodisiacs as 
aversive cues, and if information from these two types of sex pheromones is differentially 
encoded in the SEZ.  
 
4.6 HOW DOES THE CH503 CIRCUIT COMPARE WITH THE cVA CIRCUIT AND 
OLFACTORY CIRCUITS IN HIGHER MAMMALS? 
cVA is an olfactory pheromone triggers varied courtship responses in male and female flies. In 
males, cVA functions as an anti-aphrodisiac to mark a mated female unattractive to other 
males, while for female flies, it was found to be an aphrodisiac and enhances the receptivity of 





the DA1 glomerulus in the antennal lobe and is further relayed via projection neurons to the 
lateral horn and the mushroom bodies (Kohl et al., 2013). While the electrophysiological 
responses of the Or67d receptor on the antennae and DA1 projection neurons were found to be 
similar between the sexes, two populations of Fru positive neurons showed sex specific 
responses to cVA. In contrast, in the CH503 detection pathway described in this study, sexually 
dimorphic responses are encoded at the peripheral level by the Gr68a receptor. The mushroom 
bodies have been previously shown to be necessary for taste associated learning (Masek and 
Scott, 2010), but does not seem to mediate CH503 detection.  From a screen of putative CH503 
processing circuits in the central bran, NPF and TK circuits were shown to be involved in 
CH503 detection. Ablation of these circuits results in decreased sensitivity to CH503. 
Projections from these circuits are seen in the subesophageal zone (SEZ) and in the central 
complex. These two circuits overlap in four cells of the lateral protocerebrum. These studies 
provide preliminary insights into regions beyond the SEZ involved in processing CH503. 
Further detailed studies are required to understand how neurons from the SEZ connect to these 
central brain circuits and whether these neurons connect to the Gr68a circuit.  Although it was 
shown that reducing levels of NPF using RNAi does not decrease sensitivity to CH503, 
knockdown of tachykinin within these central brain circuits causes male flies to show a reduced 
response to CH503. Though it is not known if the cVA detection circuit is specifically 
modulated by specific neuropeptides or transmitters, cVA associated courtship learning, 
however, requires dopamine (Keleman et al., 2012). Overall, the detection of cVA and CH503 
seem to be mediated by two distinct neuronal pathways.     
How does the CH503 circuit compare with pheromone detection pathways in higher mammals? 
In the mouse pheromones such as ESP22 and other volatile cues, are detected by the 
vomeronasal organ. Information is further relayed to the olfactory bulb within the brain and is 





amygdala (Ferrero et al., 2013; Root et al., 2014). it is not clear if mice utilise gustatory 
pheromones, though a comparison of the pheromone detection pathways in both organisms, 
suggests that the SEZ and antennal lobe of the fly play a role analogous to the mouse olfactory 
bulb, while the lateral horn and lateral posterior protocerebrum of the fly brain,  have a function 
similar to the cortical amygdala.  
 
4.7 CENTRAL PROCESSING OF PHEROMONE DETECTION BY PEPTIDERGIC 
CIRCUITS. 
In mammals, Neuropeptide Y, the homolog to Drosophila NPF, plays a regulatory role in 
appetite, sexual motivation, and reward (Argiolas and Melis, 2013; Heilig, 2004). Similarly, 
the Drosophila NPF system serves as an integration site for sensory information related to 
motivation (Krashes et al., 2009), the response to noxious food (Wu et al., 2005), aggression 
(Dierick and Greenspan, 2007), and male rivalry (Kim et al., 2013). Intriguingly, NPF-related 
circuits were shown recently to be important in transducing pheromone perception from ppk23-
positive cells to the central brain (Gendron et al., 2014). Our findings reveal that perception of 
an aversive sex pheromone is also processed by the same pathway. Specifically, release of the 
TK neuropeptide within the NPF circuit is required to mediate the behavioural response. 
Previous work has shown the involvement of TK signalling in the modulation of aggression 
levels (Asahina et al., 2014) and shaping of physiological responses to odors within the 
antennal lobe (Ignell et al., 2009). It is not known whether the NPF-TK cells identified in this 
study are also essential in controlling aggression levels. Nevertheless, the convergence of 
aggression and sex within a common neural pathway alludes to the possibility that the decision 
to court or fight is modulated by TK release which is, in part, regulated by external stimuli such 





be weighed against other physiological drives such as hunger or anxiety induced by risk of 
predation or male rivals.  






















                                     CHAPTER 5: FUTURE DIRECTIONS 
This study on CH503, provides a framework to understand the neuronal and evolutionary basis 
of gustatory pheromone perception in Drosophila melanogaster. In this thesis work, I 
investigated two main hypotheses. First, I tested the hypothesis that (R,Z,Z)-CH503 was the 
most potent stereoisomer of the pheromone. However, contrary to what was hypothesized, I 
found that this naturally occurring stereoisomer had strong courtship inhibitory effects at a dose 
of 166ng/fly and above, in comparison with the ‘S’ stereoisomer that is a potent courtship 
inhibitor at low doses. These studies were further carried out on other Drosophila species and 
has led to the finding that CH503 evolved by a mechanism known as sensory exploitation (Ng 
et al., 2014). Second, I tested the hypothesis, that CH503, analogous to the volatile pheromone 
cis-vaccenyl acetate, would be detected as an olfactory modality via a single receptor.  
However, as described in this thesis, the detection of CH503 involves the gustatory receptor 
Gr68a in the peripheral nervous system and the NPF and TK circuits in the central brain. 
Neurons expressing the ion channel ppk23 were additionally, shown to physiologically respond 
to CH503 (Shankar et al., 2015). These findings raise further questions about the CH503 
detection mechanisms both in Drosophila melanogaster and distantly related species. Some of 
the unanswered questions include: 
 Does Gr68a mediate CH503 detection in other Drosophila species? Functional cloning 
and expression of the Gr68a gene from other species, in Drosophila melanogaster 
Gr68a mutants would help to address this question. It might be interesting to determine 
if the observed differences in sensitivities to CH503 (Ng et al., 2014), are due to 
structural changes in the Gr68a receptor. 
 Does the Gr68a receptor respond physiologically to all the synthetic stereoisomers of 
CH503? This work shows that Gr68a mediates the detection of (S,Z,Z)-CH503 and 





CH503 was not investigated. The strongest anti-aphrodisiac properties were exhibited 
by the (S,E,E)-CH503 stereoisomer. In order to test the role of Gr68a as the sole 
mediator of CH503 detection more rigorously, it will be important to determine if this 
receptor can detect and physiologically respond to the (S,E,E)-CH503 stereoisomer at 
low dosages. 
 Ppk23 neurons respond physiologically to CH503, do these neurons also contribute to 
courtship inhibitory behavioral response induced by the pheromone? Despite the large 
physiological response observed from many ppk23 neurons to CH503, knocking down 
the levels of ppk23 using RNAi, did not significantly alter the sensitivity of male flies 
to CH503. Furthermore, ppk23 deletion mutants displayed very low baseline levels of 
courtship. To further understand the contribution of ppk23 neurons, it would be 
imperative to also test if transiently silencing the ppk23 circuit using a temperature –
sensitive shibire transgene would alter sensitivity to CH503. It would also be interesting 
to find out, if over expression of ppk23 in a Gr68a mutants would restore the response 
to CH503.  
 Given the possibility that Drosophila gustatory pheromones have more than one 
detection pathway (e.g. 7-Tricosene), do other classes of ppk neurons, GR’s or IR’s 
contribute to CH503 detection? Apart from ppk23, neurons expressing ppk25 (Liu et 
al., 2012b) and ppk29 (Thistle et al., 2012) and the ionotropic receptor IR20a (Koh et 
al., 2014) are also known to play a role in courtship behavior. Furthermore, it was  found 
that the CH503 induced courtship inhibition difference for Gr66a> Rpr, Gr22e>Rpr 
and Gr28b>Rpr was small.  To test if these chemosensory neurons are also involved in 
CH503 detection, it would be necessary to study ppk25, ppk29, Gr22e, Gr66a, Gr28b 





 Do TK neurons connect with P1 command neurons in the central brain? In this study a 
potential overlap of the above neuronal pathways was not investigated. In order to 
establish connectivity, approaches such as GFP reconstitution across synaptic partners 
(GRASP) could be used. Powerful imaging techniques such as photo activation and two 
photon microscopy that was used in delineation of the Or67d circuit, could potentially 
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